Provenance analysis of the Neoproterozoic-Cambrian Nama Group (Namibia) and the Arroyo del Soldado Group (Uruguay) : implications for the palaeogeographic reconstruction of SW Gondwana by Blanco Gaucher, Gonzalo Homero
PROVENANCE ANALYSIS OF THE 
NEOPROTEROZOIC-CAMBRIAN NAMA GROUP (NAMIBIA) 
AND THE ARROYO DEL SOLDA*0 GROUP (URUGUAY): 
IMPLICATIONS FOR THE PALAEOGEOGRAPHIC 
RECONSTRUCTION OF SW GONDWANA 
by 
Gonzalo HomerocBlanco Gaucher) 
(Gonzalo Blanco4 
THESIS 
presented in fulfilment of the requirements for the degree of 
PHILOSOPHIAE DOCTOR 
in 
GEOLOGY 
in the 
FACULTY OF SCIENCE 
of the 
UNIVERSITY OF JOHANNESBURG 
Supervisor 
Dr. H.M. Rajesh 
Co-supervisors 
Dr. U. Zimmermann 
Prof. G.J.B. Germs 
October 2008 
nzalo Blanco 
DECLARATION 
I declare that this thesis is my own original work, conducted under the 
supervision of Dr. H.M. Rajesh, and co-supervision of Dr. U. Zimmermann and Prof 
G.J.B. Germs. It is submitted for the degree of Philosophiae Doctor in Geology to the 
Faculty of Science at the University of Johannesburg. No part of this research has been 
submitted in the past, or is being submitted, for a degree or examination at any other 
University or Institution of higher education. 
26 P I °°' 
Date 
 
v-k,61\mle ciSUiter 
Place 
 
ACKNOWLEDGEMENTS 
I would like to express many thanks, 
To my supervisor, Dr. H.M. Rajesh, for the support and guidance. 
To my co-supervisor, Prof. Gerard Germs, who introduced me to the 
geology of Nama Group and to share his knowledge not only on geology but also 
on life. 
To the Faculty of Science at the University of Johannesburg for the financial 
support in the form of a bursary awarded to me as a post-graduate student. 
To the staff of the Department of Geology at the University of Johannesburg 
and post-graduate mates from the University of Johannesburg. 
To the staff (Dr. Willie Oldewage, Dr. Herman van Niekerk and Mr L.L. 
Coetzee) at SPECTRAU, the Central Analytical Facility of the University of 
Johannesburg, for permission and help to use various analytical equipments. 
To Prof Farid Chemale Jr. of the Laboratorio de Geologia Isotopica, 
Universidade Federal do Rio Grande do Sul, Porto Alegre (Brazil), for help with 
isotope analyses. 
To the IGCP project 478 "Neoproterozoic to Early-Palaeozoic events in SW 
Gondwana". 
To the external reviewers, Dr. David Chew and Dr. Beverly Saylor, for the 
constructive and encouraging comments, and corrections on the thesis that 
certainly improved the quality of scientific material as well as the language used 
to present it. 
Special thanks to, 
Dr. Claudio Gaucher for his advice, collaboration and friendship that lead to 
the realization of this thesis against many complications. 
Prof. Peter Sprechmann, Gabriela Martinez and Leticia Chiglino for their 
valuable help and discussions during fieldworks in Uruguay. 
My parents and all my family in Uruguay and Argentina. This thesis is 
dedicated to my mother Nora, who is at the time of penning this down, 
successfully and courageously fighting against illness. My father Homero. My 
sister Gabriela. Juan Jose and Rosina. 
All my friends in Uruguay and overseas, with special mention to my 
unconditional friends, Federico and Leonardo - good friends from Joburg. For the 
good advises and support to Paul Balayer. 
Finally, but not least my wife Paulina, for her full support and love. 
ii 
ABSTRACT 
The amalgamation of SW Gondwana after the break-up of Rodinia supercontinent 
during the Neoproterozoic-early Palaeozic was one of the most active tectonic periods 
of the earth history and its geological evolution remains controversial. Recently, 
diverse hypotheses such as mantle plume activity, orthogonal continent-continent and 
strike-slip collisions according to different models try to explain the complex evolution 
of the Pan-African Brasiliano orogens and the associated sedimentary basins. 
In order to get insight of the SW Gondwana reconstruction, provenance analyses 
were performed on two Neoproterozoic-early Palaeozic sedimentary units: (1) the 
Arroyo del Soldado Group representing a —5000 meter thick platform succession 
unconformably overlying the mainly Archaean to Neoproterozoic rocks of the Rio de la 
Plata Craton in Uruguay and, (2) the Nama Group, a —2000 meter thick shallow marine 
to fluvial deposit interpreted as a foreland basin in response to tectonism in the adjacent 
northern Damara and western Gariep Orogenic Belts and unconformably overlying the 
mainly Mesoproterozoic rocks of the Kalahari Craton in Namibia. 
Several techniques including petrography, heavy mineral analysis, geochemistry, 
Sm-Nd isotope analysis and zircon dating were applied to both sedimentary basins. 
The petrographic, heavy mineral analyses and geochemical results from the Nama 
Group indicate a recycled upper crust composition characterized by metamorphic and 
granitic sources and minor mafic rocks. Palaeocurrent analyses of the chromian spinet 
bearing sandstones of the Nama Basin point to a volcanic island arc source located in 
the Damara Belt. Detrital zircon dating of the Nama Group display major peaks of 
Neoproterozoic and Mesoproterozoic ages suggesting a provenance from the 
Damara/Gariep Belts and their basements. Palaeocurrents from the west and the 
dominance of Neoproterozoic-Cambrian detrital zircon ages (76%) in the "Molasse" 
stage of the foreland evolution probably indicate exhumation of the felsic volcanic arc 
root which probably occurred after the time indicated by the younger zircon dated at 
531 ±9 Ma. 
The petrographic and geochemical results from the Arroyo del Soldado Group 
indicate a recycled upper crust composition characterized by source diversity composed 
of granite-gneissic and mafic-metamorphic rocks. On average, Nd isotopes account for 
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negative ENd values and TDM ages in a range of variation found elsewhere within SW 
Gondwana. Detrital zircon dating indicate sources dominated by Palaeoproterozoic 
(1.7-2.0-2.2 Ga) and subordinate Archaean ages (2.5-2.9-3.5 Ga). The scarcity of 
Mesoproterozoic and Neoproterozoic zircons and palaeocurrent directions towards the 
east indicate that the Arroyo del Soldado Group was fed by detritus from the Rio de la 
Plata Craton favouring a passive margin tectonic setting for their deposition. 
Deformation of the Arroyo del Soldado Group took place ca. 530 Ma, after strike-slip 
collision with an African affinity terrane. 
Finally, based on the palaeogeographic evaluation, the provenance of Nama 
foreland basin and the passive margin deposit of the Arroyo del Soldado basin suggest 
that continent-continent collision of the Kalahari/Congo Cratons with the Rio de la 
Plata Craton and the Cuchilla Dionisio Pelotas Terrane most likely occurred due to 
strike slip accretion related to a component of N—S shortening in the period between 
530 and 495 Ma. 
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
1.1 PROVENANCE METHODOLOGY 
In the last 30 years, the geochemical quantification of elastic sedimentary rocks 
combined with other methods (e.g. petrography, isotope geochemistry) has 
demonstrated that geochemical proxies can be used to decipher the provenance of 
sedimentary deposits and can be used to distinguish between different cratonic entities 
(e.g. Floyd and Leveridge, 1987; McLennan et al., 1990, 2003 among others). Since 
then, a number of publications have focused on provenance studies of clastic 
sedimentary rocks with the objective of determining source areas which supplied 
basins, and consequently, trying to decipher the tectonic setting of these sedimentary 
successions (e.g. McLennan et al., 1993; Bahlburg, 1998; Bock et al., 2000; 
Zimmermann and Bahlburg, 2003; Zimmermann, 2005; Hurowitz and McLennan, 
2005). However, binary or ternary scatter provenance-discriminating diagrams using 
major and trace elements (e.g. Bhatia, 1983; Roser and Korsch, 1986; Bhatia and 
Crook, 1986) have come under increasing scrutiny in recent years, and some studies 
have clearly illustrated their viability to reflect the correct geotectonic setting of recent 
sediments (Armstrong-Altrin and Verma, 2005; Ryan and Williams, 2007). These 
studies illustrated that the choice of elements used in many discrimination diagrams 
was sound, highlighting differences between samples of different origin, but the fields 
on many of the established discrimination diagrams (especially those using major 
elements) cannot be universally applied. Thus, the various provenance discrimination 
diagrams should be used with caution and in combination with other provenance 
techniques. A large number of techniques are currently used to decipher provenance 
and according to the objectives of a study, either whole-rock chemical analyses or 
single-grain (e.g. heavy mineral) methods are applied. A summary of those techniques 
used in this work are summarized below and explained in detail in Appendix 1. 
The geochemical approach to provenance supposes that the chemical composition 
of clastic sediments is dominantly controlled by the original composition of their 
source rocks (Taylor and McLennan, 1985; McLennan et al., 1993, 2003). Therefore, 
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provenance studies are focused on specific highly fluid immobile trace elements with 
short residence times (e.g. rare earth elements, Cr, Th, Zr, Hf and Sc; Taylor and 
McLennan, 1985) which are transported from the source to the depositional areas 
without significant modification, as these elements are part of the detrital phase. 
Sorting, diagenesis and other post-depositional processes manipulate the chemical 
concentrations and have to be accounted for carefully (McLennan et al., 2006). 
The application of Sm-Nd isotope systematics to sedimentary rocks had proven to 
be a powerful tool for characterizing provenance, because of the relatively immobile 
character of the REE (rare earth elements) in terrestrial processes (DePaolo, 1981; 
Nelson and DePaolo, 1988; McLennan et al., 1990). This method is particularly useful 
in detecting depleted source (in this work the terms "depleted" means derived from 
mantle igneous rocks) areas with positive or near zero ENd values and TDM values close 
to the crystallization age of an igneous suite, both of which correspond to juvenile, 
mantle-derived components. On the other hand, negative ENd values and significant 
differences between TDM ages and crystallization age point to contamination by crustal 
material. Even considering a possible slight modification of these parameters during the 
sedimentary cycle (Zhao et al., 1992), it is understood that the 147 SIT1/ 144Nd and 
143Ncv ' 44Nd ratios, are well preserved in sediments and sedimentary rocks. Several 
studies have demonstrated that REE mobility during diagenesis can occur (McDaniel et 
al., 1994; Bock et al., 1994) and for the correct interpretation of the Sm-Nd isotope 
system in sedimentary rocks, these effects need to be taken into consideration. 
The chemical composition of individual heavy minerals as a tool for evaluating 
the provenance and tectonic setting of the source rock has proven to be useful, 
especially in the case of garnet (Morton, 1991) and chromian spinel (e.g. Arai, 1992; 
Zhu et al., 2004) when they are combined with detailed petrographic studies of the 
single grains and the host rock. Chromian spinels are of particular significance in 
sedimentary provenance studies for a variety of reasons: (1) spinels crystallize from 
mafic and ultramafic magmas over a wide range of conditions and therefore are a 
sensitive indicator of the original host magmatic rock composition (Irvine, 1967; 
Roeder, 1994), (2) the unusual chemical durability of chromian spinels make its 
original composition more likely to be preserved during the processes of weathering 
and diagenesis and, (3) the hardness and lack of cleavage make spinels physically 
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resistant to mechanical breakdown (Mange and Maurer, 1992; Morton and Hallsworth, 
1999). 
In situ U-Pb zircon dating analyses by LA-ICP-MS (laser ablation inductively 
coupled plasma mass spectrometry), serve to characterize the zircon population derived 
from felsic and intermediate source components in sedimentary rocks. This is 
particularly significant when the number of grains analyzed is large enough to be 
statistically significant (e.g. Vermeesch, 2004; Andersen, 2005, 2006). Zircon is a 
resistant mineral during erosion, transport, deposition and diagenesis, and it has been 
demonstrated that the peaks of U—Pb age populations represent the main felsic sources 
(e.g. Chew et al., 2008; Gaucher et al. 2008). 
Finally, petrographic studies of sedimentary rocks including standard thin section 
observations combined with different techniques (XRD, SEM, EDS, Electron 
microprobe analysis) give information regarding diagenesis, clay composition and 
single grain identification. Here the petrographic composition of sandstones obtained 
by analyzing their framework components using point-count techniques on thin 
sections (e.g. Ingersoll et al., 1984) complement the evaluation of the basin tectonic 
setting, in combination with other provenance approaches listed above. 
1.2 OBJECTIVES 
The Neoproterozoic to early Palaeozoic period saw outstanding events forming 
part of one of the Earth histories most intense orogenic periods (the amalgamation of 
Gondwana supercontinent). These include the Ediacaran-Cambrian, the advent and 
diversification of metazoans and skeletons ("Cambrian explosion") (for an extended 
review see McCall, 2006). One of the most controversial issues is the occurrence and 
number of global or near global glaciations (e.g. Kendall et al., 2006) and their relation 
with the radiation of complex multi cellular life that started in the Ediacaran (Eyles et 
al., 2007; Meert and Liberman, 2008). The "Snowball Earth" hypothesis (Kirschvink, 
1992; Hoffman et al., 1998) is supported by palaeomagnetic evidence for glaciomarine 
sedimentation at low latitudes (e.g. Williams and Schmidt, 2004). On the other hand, an 
alternate hypothesis postulates widespread (but regional and diachronous) glaciation 
during the break-up of supercontinent Rodinia (the "zipper- rift" model of Eyles and 
Januszack, 2004). A third hypothesis suggests preferential development of low-latitude 
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Fig. 1. Pan-AfricanlBrasiliano orogenic belts and Ediacaran—early Palaeozoic basins in 
southwestern Gondwana (modified after Gresse et al., 1996; Trompette et al., 1997; Gaucher et al., 
2005a). 
GB: Gariep Belt, SB: Saldania Belt, DB: Damara Belt, NB: Nama Basin, ASB: Arroyo del 
Soldado Basin, SBB: Sierras Bayas Basin, CB: CamaquA Basin, SP: Sierras Pampeanas, CrB: 
Corumba Basin, RB: Ribeira Belt, KB: Kaoko Belt, WCB: West Congo Belt, PB: Paraguay Belt, 
BB: Brasilia Belt, BP: Borborema Province, CDPT: Cuchilla Dionisio-Pelotas Terrane. 
TT: Tandilia Terrane, PA: Piedra Alta Terrane, NP: Nico Perez Terrane, PET: Punta del Este 
Terrane, RB: Rivera Block. ICR: Isla Cristalina de Rivera, SGA: Sao Gabriel Arc, PB: Porongos 
Belt. SBCMGSZ: Sierra Ballena-Canaucii-Maior Gercino Shear Zone. 
ice sheets resulting from an increased tilt of the Neoproterozoic Earth's spin axis ("high 
orbital obliquity"; Williams and Schmidt, 2004). 
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During the Neoproterozoic to early Palaeozoic, the amalgamation of SW 
Gondwana resulted from the fragmentation of Rodinia (Hoffman, 1991; Dalziel, 1997) 
and reassembly during the Pan African-Brasiliano Orogeny (Fig. la; Miller, 1983; 
Trompette, 1994; Gresse et al., 1996; Prave, 1994; Gray et al., 2006). Collision 
between the Rio de la Plata, Kalahari and Congo Cratons (Fig. lb) and others (e.g. the 
Parana Block or Alto Paraguay Terrane defined by Soares (1988) and Ramos (1988), 
respectively), led to the closure of the proto-Atlantic (Adamastor) Ocean from north to 
south (Porada, 1989; Stanistreet et al., 1991). The closure of the Khomas Sea resulted 
in the collision of the Kalahari and Congo Cratons (Stanistreet et al., 1991). 
Uncertainties in the timing of the collisional events between different crustal 
blocks and cratons, and the tectonic setting and source rocks of the associated basins, 
limit the understanding of the assembly of SW Gondwana and lead to formulate 
contradictory hypotheses (Gresse et al., 1996; Stanistreet et al., 1991; Germs, 1995; 
Frimmel and Frank, 1998; Basei et al., 2000, 2005; Saalmann et al., 2005). Therefore, 
two key sedimentary successions in SW Gondwana — the Nama Group (Namibia) on 
the Kalahari Craton, and the Arroyo del Soldado Group (Uruguay) on the Rio de la 
Plata Craton (Fig. 1 b), were studied to get an insight into the evolution of these two 
crucial cratonic areas. These two Ediacaran-Lower Cambrian successions were selected 
due to their well constrained palaeontological and sedimentological information (see 
below). Gaucher (2000) correlated the Arroyo del Soldado and Nama Groups, as well 
as with other units of the SW Gondwana based on the microflora content and the 
skeletal index fossil for the terminal Neoproterozoic, Cloudina, first discovered by 
Germs (1972c). The microfossil assemblages of the Cango Caves and Gamtoos Groups 
(Saldania Belt; Gaucher and Germs, 2006) are similar to those from the Holgat 
Formation of the Port Nolloth Group (Gariep Belt; Gaucher et al., 2005), the overlying 
Nama Group (Germs et al., 1986), the Arroyo del Soldado Group of Uruguay (Gaucher, 
2000) and the Corumba Group of Brazil (Fig. 1; Gaucher et al., 2003). 
A comprehensive provenance study of the Arroyo del Soldado Group (e.g. 
geochemistry, Sm/Nd isotope systematics and U-Pb detrital zircon dating, see Chapter 
5), adds important data to help in deciphering the geotectonic setting and sediment 
source areas. Preliminary studies of the Arroyo del Soldado Group show a zircon 
population dominated by Archaean and Palaeoproterozoic ages (Gaucher et al., 2008) 
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derived from its basement (Hartmann et al., 2001). Nevertheless, young intrusive rocks 
and volcano-sedimentary successions of the Nico Perez Terrane could have acted as 
sources (e.g. the Lavalleja Group and Las Ventanas Formation), as could have rocks of 
the Cuchilla Dionisio Terrane (e.g. Aigua Batholith, Rocha Group; see Figs. 2a and c). 
The Nama Group was deposited in a foreland basin along the western margin of 
the Kalahari Craton (Germs, 1974; Germs and Gresse, 1991), interpreted as response to 
tectonism in the adjacent northern Damara and western Gariep Orogenic Belts (Fig. 3). 
Provenance studies in this work will try to differentiate the source terranes for the 
Nama Group, as sedimentological constraints show definite palaeocurrent changes 
through time (e.g. Germs, 1995). Such an approach would clarify when the Gariep and 
Damara Belts had acted as sources, and to decipher the basin geometry of successive 
sedimentary pulses. In order to achieve this objective, it is important to undertake a 
comprehensive provenance study using differents techniques: (1) search for 
geochemical signals of the clastic sediments (e.g. Zr/Sc, Th/Sc, REE patterns; Chapters 
2 and 4), (2) the study of the detrital heavy minerals present in the Nama Group 
sediments, including zircon dating (e.g. chromian spinel, garnet, and zircon; Chapters 
2, 3 and 4), and (3) point-counting in thin sections (Chapter 4) together with framework 
component analyses of clastic sedimentary rocks. 
Finally, in Chapter 6, the main provenance characteristics of the Nama and 
Arroyo del Soldado Groups are summarized, and a palaeogeographic reconstruction of 
SW-Gondwana is carried out. 
1.3 THE ARROYO DEL SOLDADO GROUP (ASG) 
1.3.1 The Uruguayan Shield 
The Uruguayan Shield is composed of three major tectonic units (Bossi et al., 
1998) which are from west to east: the Piedra Alta Terrane (PAT), the Nico Perez 
Terrane (NPT) and the Cuchilla Dionisio Terrane (CDT), which are separated by two 
continental-scale mega shears, the Sarandi del Yi Shear Zone (SYSZ; Bossi and 
Campal, 1992) and the Sierra Ballena Shear Zone (SBSZ; Gomez-Rifas, 1995; Figs. 2a 
and c). Both were active during Neoproterozoic and early Palaeozoic times and are 
characterized by mylonites up to 8 km in thickness (Bossi et al., 1998). Bossi et al. 
(2005) recognized the Colonia Shear Zone in the Rio de la Plata Craton (RPC) and 
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erected the Tandilia Terrane (TT) to differentiate the southern RPC from the Piedra 
Alta Terrane (Fig. 2). The PAT, TT and NPT are within the eastern part of the RPC and 
show a different geological history. Bossi et al. (1993) erected the Piedra Alta Terrane, 
that mainly consists of Palaeoproterozoic (1.9-2.2 Ga) granite-greenstone rocks, to the 
west of the SYSZ and which is intruded by the Piedra Alta mafic dyke swarm (1.72-
1.79 Ga; Texeira et al., 1999; Bossi et al., 1993). 
Bossi and Campal (1992) erected the Nico Perez Terrane to explain the different 
evolution of the Precambrian rocks on both sides of the SYSZ. This terrane is 
composed of Archaean and Palaeoproterozoic rocks (Hartmann et al., 2001) intruded 
by granitoids and covered by Neoproterozoic to early Palaeozoic (volcano) sedimentary 
successions. The Arroyo del Soldado Group is the most important of these sedimentary 
successions, and it crops out over an area in excess of 30,000 km 2 (Figs. 2a and c; 
Gaucher, 2000). A different geological evolution for the Nico Perez Terrane in 
comparison to the Piedra Alta Terrane is supported by: (1) the absence of the 1.72-1.79 
Ga mafic dyke swarm in the NPT, (2) the weak Palaeoproterozoic tectonothermal 
overprinting of the NPT and (3) the occurrence of extensive Archaean units in the NPT 
(Fig. 2c; Hartmann et al., 2001). Bossi et al. (1998) suggested that the NPT and 
PAT/TT accreted in the Mesoproterozoic, during the Grenvillian Orogeny. This is 
based on Ar-Ar ages of 1250 Ma of synkinematic muscovites along thrust planes in the 
NPT (Bossi et al., 1998) and coeval thermal overprinting of mafic dykes in the PAT 
near the SYSZ (Texeira et al., 1999). 
Bossi et al. (1998) showed the existence of a third terrane to the east of the SBSZ, 
termed the Cuchilla Dionisio Terrane, which is mainly composed of Palaeo to 
Mesoproterozoic metamorphic basement intensely reworked and intruded by granites 
between 680 and 550 Ma. The Cuchilla Dionisio Terrane is the continuation of the 
Pelotas Terrane (Ramos, 1998; Campos Neto, 2000) in southern Brazil. To include both 
the Uruguayan and Brazilian parts of this crustal block Bossi and Gaucher (2004) 
erected the Cuchilla Dionisio-Pelotas Terrane. This terrane is limited to the west by the 
Sierra Ballena Shear Zone in Uruguay and by the Cangucii-Major Gercino Shear Zone 
in Brazil, it is regarded part of the Dom Feliciano Belt according to other authors (Fig. 
lb; Fragoso-Cesar, 1980; Solani, 1986; Chemale Jr., 2000; Sanchez-Bettucci, 1998; 
Babinski et al., 1997). According to Basei et al. (2000) the best estimation for the last 
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Fig. 2. (a) Neoproterozoic-Cambrian (volcano) sedimentary successions in Uruguay, pre-Ediacaran 
basement rocks of the ASG and some important intrusive granites. ICR: Isla Cristalina de Rivera, 
FDS: Florida Dyke Swarm (1.8 Ga), A: Archaean, PP: Palaeoproterozoic, M: Mesoproterozoic, 
NP: Neoproterozoic, C: Cambrian, NPDS: Nico Perez Dyke Swarm (0.6 Ga). Modified after Bossi 
et al. (1998, 2005), Gaucher (2000) and Hartmann et al. (2001). 
Synthetic stratigraphic column of the ASG, after Gaucher (2000). BN Fm.: Barriga Negra 
Formation, C. Esp: Cerro Espuelitas Formation, CSF: Cerros San Francisco Formation, C.V. Fm.: 
Cerro Victoria Formation. 
Cross section A-A', modified after Gaucher (2000). 1: Piedra Alta Terrane (2.0-2.2 Ga) 2: 
Illescas Rapakivi Granite (1.75 Ga), 3: Valentines Formation (2.1-2.6 Ga), 4: Archaean Basement 
(2.6-3.4 Ga), 5: Arroyo del Soldado Group, a: Cerro Victoria Formation, b: Cerros San Francisco 
Formation, c: Cerro Espuelitas Formation, d: Barriga Negra Formation, e: Polanco Formation, f: 
Yerbal Formation, 6: Carape Group (ca. 1.7 Ga), and Neoproterozoic Granites, 7: Aigua Batholith 
(-0.6 Ga), 8: High grade gneisses (2.0-0.8 and 1.0 Ga), 9: Rocha Group, 10: post-tectonic granites 
(-550 Ma). SYSZ: Sarandi del Yi Shear Zone, CPT: Cerro Partido Thrust, SBSZ: Sierra Ballena 
Shear Zone, CSZ: Colonia Shear Zone. 
reactivation of this major lineament are 534 +3 Ma Ar-Ar ages of Phillip (1998) 
obtained from high-angle shear zones of the Cangueli and Pinheiro Machado regions 
(close to Florianopolis, Fig. lb). Nd model ages (TDM) presented by Basei et al. (2000) 
suggest an African affinity for the Punta del Este Terane (PET), previously recognized 
by Precciozi et al. (1999; Figs.1 and 2). The PET is composed of a 0.9-1.0 Ga 
migmatitic orthogneiss basement (Preciozzi et al., 1999), a Neoproterozoic low-grade 
siliciclastic meta-sedimentary cover (Rocha Group) and post-tectonic acidic 
magmatism wich is 570 Ma in age (Cerros de Aguirre Formation; Campal and Gancio, 
1993). Basei et al. (2005) correlated the Rocha Group with supracrustal rocks of the 
Gariep Belt in Kalahari Craton based on U-Pb detrital zircon ages. 
Cambrian magmatism is represented in the NPT by the Guazunambi Granite (532 
±11 Ma; Kawashita et al., 1999) and the anorogenic Sierra de Animas Formation, 
correlated to the SYSZ reactivation (520 ±5 Ma; Bossi et al., 1993b). 
1.3.2 Lithostratigraphy and sedimentology of the Arroyo del Soldado Group 
The ASG was defined by Gaucher et al. (1996), representing a marine 
sedimentary succession more than 5000 meters thick. The ASG unconformably overlies 
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Proterozoic and Archaean rocks of the NPT (see below). Gaucher (2000) based on 
mineral paragenesis, palynomorph-maturity, illite-crystallinity (KOler Index) and 
calcite-twin morphology showed that the regional metamorphic grade of the ASG in 
fact represent a transition from mesodiagenesis to very low-grade metamorphism 
(250°C). From base to top, the group is composed of the Yerbal, Polanco, Barriga 
Negra, Cerro Espuelitas, Cerros San Francisco and Cerro Victoria formations (Gaucher 
et al., 1998; Gaucher, 2000; Figs. 2a and c). 
The Yerbal Formation comprises siliciclastic sedimentary rocks representing the 
transgression of the Ediacaran Sea over the Nico Perez Terrane. The unit is 
characterized by two different facies. The shallower facies is composed of fine 
conglomerates and coarse sandstones at the base, and intercalations of sandstones and 
pelites up section. At the top, green siltstones, banded siltstones, banded BIF facies and 
interbedded dolostones occur. The deeper facies is composed of dark grey, finely 
laminated shales with high TOC (total organic carbon) and pyrite, interbedded with 
subfeldsarenite beds which are interpreted as turbidites (Gaucher, 2000). 
Carbonates of the Polanco Formation conformably overlie the Yerbal Formation 
showing the development of a large carbonate ramp in the basin. The Polanco 
Formation is a coarsening and thickening-upward sequence and the most common 
lithotypes are limestones and limestone-dolostone rhythmites. The terrigenous 
components of the Polanco Formation are mainly composed of well rounded, sand-
sized quartz grains. 
The Barriga Negra Formation overlies the Polanco Formation with erosional 
unconformity (Fig. 2b). The unit consist of conglomerates and breccias with carbonate 
clasts of the Polanco Formation at the base, passing into conglomerates and sandstones 
that include basement clasts up section. The Barriga Negra Formation represents 
stream-dominated alluvial fans recording a major marine regression. Eastward 
palaeocurrents predominate (Gaucher, 2000). 
The Cerro Espuelitas Formation conformably overlies the Polanco and Barriga 
Negra Formations, and is made up of an alternation of black shales and siltstones, BIF, 
cherts and thin carbonate beds at the base (Fig. 2c). According to Gaucher (2000), the 
Cerro Espuelitas Formation represents a marine sedimentary environment, 
corresponding to a moderately deep shelf. 
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Montana and Sprechmann (1993) erected the Cerros San Francisco Member, and 
Gaucher et al. (1996) gave it the rank of formation and included it within the ASG. It 
overlies the Cerro Espuelitas Formation or the pre-Ediacaran basement with erosional 
unconformity. It is made up of quartz-arenites and subordinate subfeldsarenite 
sandstones, showing well-preserved sedimentary structures, such as ripples, trough and 
hummocky cross stratification indicative of a bathymetry above wave base level (Fig. 
2c). The erosional surface between Cerro Espuelitas and Cerros San Francisco 
Formations was probably caused by a sea-level fall (Gaucher, 2000). 
Montana and Sprechmann (1993) erected the Cerro Victoria Member and 
Gaucher et al. (1996) gave the unit the rank of formation. The Cerro Victoria 
Formation conformably overlies the Cerros San Francisco Formation and is 
characterized by intercalated micritic and oolitic dolostones, passing into stromatolitic 
dolostones up-section (Fig. 2b). Trace fossils (Thalassinoides) occur in the dolostones, 
which are indicative of a Lower Cambrian age (Sprechmann et al., 2004). The 
sedimentary environment is interpreted as a shallow well oxygenated carbonate shelf. 
1.3.3 The Nico Perez Terrane (NPT) 
The ASG overlies different lithotypes of the NPT. It is possible to subdivide the 
NPT into three major geological areas (northern, central and southern). In the northern 
(ICR: Isla Cristalina de Rivera) and north-western areas, the pre-Ediacaran basement of 
the Valentines Formation (Bossi et al., 1998) includes tonalites, trondhjemites, granites, 
pyroxenites and sillimanite-gneisses (Fig. 2a). This succession has been dated by the U-
Pb SHRIMP method at 2609 ±8 Ma (Bossi et al., 2001). The correlative Santa Maria 
Chico Granulitic complex in Brazil yields ages between early Neoarchaean and 
Palaeoproterozoic (Hartman et al., 1999). The Illescas rapakivi granite that yielded a U-
Pb single zircon age of 1751 ±8 Ma intruded this metamorphic basement (Campal and 
Schipilov, 1995). 
In the central and southeastern part of the NPT, outcrops of the La China 
Complex are widespread (Fig. 2a). They are made up of mafic and ultramafic rocks, 
tonalites and metachert layers, and are metamorphosed up to the amphibolite facies. 
Metatonalites of the La China Complex yielded a U-Pb SHRIMP zircon age of 3.41 Ga 
from igneous zircon cores (Hartmann et al., 2001). The las Tetas Complex overlies the 
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La China Complex and is composed of metaconglomerates, quartzites, metapelites, 
dolostones, calc-silicate rocks and talc-tremolite schists. The youngest detrital zircon in 
the meta-conglomerates yield U-Pb SHRIMP ages between 2.97 Ga for detrital cores 
and 2.76 Ga for metamorphic overgrowths. Therefore, the metasediments of the Las 
Tetas Complex show a maximum depositional age of 2.75 Ga (Hartmann et al., 2001). 
Metasediments and metaigneous rocks assigned to the Las Tetas and La China 
Complexes yielded TDM model ages between 2.7 and 3.15 Ga respectively (Mallmann 
et al., 2007). 
To the south of NPT, the volcano-sedimentary Fuente del Puma Group or 
Lavalleja Complex occurs (Bossi et al., 1998), and is in tectonic contact with the ASG 
(Gaucher, 2000). The stratigraphy of the Lavalleja Complex include 50% metavolcanic 
(basalt, andesite and subordinate rhyolite) and 50% metasedimentary rocks such as 
phyllites, dolostones and quartzites (Midot, 1984). Metamorphic grade reaches upper 
greenschist to amphibolite facies (Bossi et al., 1998). Different geochronological 
methods applied to the Lavalleja Complex have yielded a spectrum of ages ranging 
between 1.5 Ga and 600 Ma (Bossi et al., 1998; Gomez Rifas, 1995; Sanchez-Betucci 
et al., 2001) and the age of this unit is a still matter of debate. Recently, Mallmann et al. 
(2007) based on Sm/Nd, geochemistry and U-Pb zircon dating confirmed the existence 
of two rock systems presenting different ages and geological evolution, previously 
assigned to the Lavalleja Complex. One Palaeoproterozoic-Mesoproterozoic and 
another Neoproterozoic, with a U-Pb SHRIMP single zircon age of 590 ±2 Ma 
obtained from a metabasalt (Mallmann et al., 2007). Moreover, according to the 
geochemistry and Sm-Nd data, the geotectonic setting of the Neoproterozoic magmatic 
activity in the Lavalleja Complex has intraplate characteristics (MORB and OIB; 
Mallmann et al., 2007). Campal et al. (1995) and Bossi et al. (1998), suggested the 
occurrence of a Grenvillian event in the Rio de la Plata Craton, based on: (a) K-Ar 
dating of synkinematic muscovites along thrust-planes by C. Cingolani (pers. comm., in 
Bossi et al., 1998), which yield an age of 1253 ±32 Ma. (b) Post-emplacement thermal 
overprinting of the Piedra Alta mafic dyke swarm (Bossi et al., 1993a) between 1370 
and 1170 Ma, reflected in the initial release portions of 40Ar- 39Ar spectra and Rb-Sr 
mineral isochron (Teixeira et al., 1999). Bossi and Navarro (2001) report a "°Ar-39Ar 
age of 1240 ±5 Ma for the same event. (c) Five Pb-Pb ages spanning 1200-1500 Ma in 
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galena vein mineralization emplaced in the Fuente del Puma Group (Bossi and 
Navarro, 2001). (d) U-Pb ages between 1492 and 1429 Ma, which were reported by 
Oyhantcabal et al. (2005) for gabbros and rhyolites, assigned to the Lavalleja Complex 
or Fuente del Puma Group. 
Other important pre-Ediacaran basement rocks to the ASG are the Carape 
Complex (Fig. 2a), which is intruded by Neoproterozoic granites and is thrust over the 
Lavalleja Complex (Sanchez-Betucci et al., 2003; Mallmann et al., 2007; Bossi et al., 
2007). The Carape Complex shows a very different geological history compared to the 
Lavalleja Complex, being both related only by thrusting; the orthogneisses of the 
former yield a U-Pb SHRIMP age of 1.75 Ga (Mallmann et al., 2007). Even though the 
Carape and Lavalleja Complexes are older than the ASG, the latter unit is in tectonic 
contact with these successions and hence their original stratigraphic relationship is 
uncertain. 
1.3.4 Age and correlations of the Arroyo del Soldado Group 
Age constraints on the Arroyo del Soldado Group are provided by the presence of 
Cloudina riemkeae (Germs, 1972b) in the Yerbal Formation (Gaucher 2000), pointing 
to a depositional age range of 565 to 543 Ma (Knoll, 1996). Gaucher (2000) reported 
assemblages of organic-walled microfossils (Leiosphaeridia-Lophosphaeridium and 
Bavlinella-Soldadophycus), which are assigned to the late Ediacaran, Kotlin-Rovno 
assemblage, characterized worldwide by low diversity, simple leiosphaerids, abundant 
Bavlinella faveolata, cyanobacterial sheaths, rare small acanthomorphs and 
vendotaenids of the genera Vendotaenia and Tyrasotaenia. According to Knoll (1996), 
this occurrence is of important biostratigraphic significance. 
The ASG is folded, mainly fault-bounded and intruded by several plutons of 
Palaeozoic age such as the Polanco, Guazunambi and Minas granites (Bossi and 
Navarro, 1991; Kawashita et al., 1999). K-Ar dating of illite-rich mudrocks belonging 
to the Arroyo del Soldado Group yielded ages of between 532 ±16 Ma and 492 ±14 Ma 
(Cingolani et al., 1990). The ASG unconformably overlies the Puntas del Santa Lucia 
Batholith, which has yielded a U-Pb SHRIMP zircon age of 633 ±11 Ma (Hartmann et 
al., 2002). Recently, Gaucher et al. (2008c) reported a U-Pb SIMS age of 583 ±7 Ma 
for the Mangacha Granite, which is unconformably overlain the Cerros San Francisco 
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Formation in the Cerro de la Sepultura area (Fig. 2a). Near the Minas City (Fig. 2a) 
outcrops of the ASG, continuously overlie the bimodal volcano-sedimentary Las 
Ventanas Formation, which is constrained between 615 and 580 Ma based on its 
palynomorph content and geological relationships (Blanco and Gaucher, 2005). In view 
of the new data presented by Mallmann et al. (2007), tmetabasalts with MORB 
geochemical characteristics of probable Neoproterozoic age within the Lavalleja 
Complex, could be related to the extensional event recorded by the Las Ventanas 
Formation. Moreover, Oyhantcabal et al. (2007) analyzed the geochemistry of the Las 
Ventanas Formation basalts (La Rinconada Member of Blanco and Gaucher, 2005, 
Gaucher et al., 2008a), and demonstrated a within-plate setting with high Zr/Y ratios 
according to the Pearce tectonic discrimination diagram. This scenario is similar to the 
occurrence of the Nico Perez Mafic Dyke Swarm (Fig. 2a) in the NPT, which indicates 
an extensional event, at ca. 600 Ma based on K-Ar ages (Rivalenti et al., 1995). 
The ca. 600 Ma extensional event is also recorded close to the northern outcrops 
of the ASG on the eastern side of the Rio de la Plata Craton (Fig. lb, Isla Cristalina de 
Rivera), represented by the Marica Formation, Born Jardim Group and Acampamento 
Velho Formation of the Camaqua Basin (Neoproterozoic-early Palaeozoic; Chemale 
Jr., 2000). The development of the Camaqua Basin has been interpreted as a foreland 
basin related to the latest Brasiliano orogenic events (Hartmann et al., 1999; Chemale 
Jr., 2000) or an anorogenic rift system post-dating this orogenic event (Fragoso-Cesar, 
2003). The closest juvenile magmatic-arc rocks related to the Brasiliano event are 
named the Sao Gabriel Arc (Fig. lb), and comprise the Cambai and Vacacai 
Complexes which yield ages of between 900 and 700 Ma. The units show positive 
ENd(t) values (Babinsky et al., 1996; Hartmann et al., 2003) and probably accreted to the 
Rio de la Plata Craton at ca. 700 Ma (Saalmann et al., 2005). 
Gaucher et al. (2007) presented a compilation of 5 13 C on carbonates from the 
Yerbal, Polanco, Cerro Espuelitas and Cerro Victoria Formations. The 5 13 C profiles 
reveal a series of positive and negative 5 13C excursions, which correlate well with 
published 513 C-curves for the late Ediacaran. The upper Yerbal-lower Polanco positive 
excursion corresponds to a time interval between 585 and 574 Ma in the global 5 13C -
curves of Jacobsen and Kaufman (1999) and Walter et al. (2000). A negative 5 13 C- 
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excursion in the middle Polanco Formation matches well with a negative excursion at 
573 Ma in the global curve (Jacobsen and Kaufman 1999; Walter et al. 2000). 
According to Gaucher et al. (2005a), the lower Barriga Negra Formation based on 
palaeontological data correlates with the Numees Formation (Gariep Belt) and the 
uppermost Nooitgedacht Member (Cango Caves Group, South Africa), and this 
correlation was assigned to the ca. 580 Ma Gaskier or possibly the younger (<570 Ma) 
Moelv glacial event, characterized by a negative 8 13 C excursion and strong sea-level 
drop. Negative 5 13 C values obtained by Boggiani (1998), Gaucher et al. (2003) and 
Gaucher et al. (2007) for the Cerro Victoria Formation, place the Precambrian-
Cambrian boundary in the upper-middle Cerros San Francisco Formation, as the 
negative values could be correlative with the sharp negative excursion recorded in the 
basal Cambrian worldwide. Trace fossils indicative of a Lower Cambrian age occur in 
the dolostones of the Cerro Victoria Formation (Sprechmann et al., 2004). 
Based on litho- bio and chemostratigraphy, Gaucher et al. (2003) correlated the 
Corumba Group in Mato Grosso, Brazil with the ASG (Fig. la). The authors proposed 
that a large shelf opened to the east of the Rio de la Plata Craton in the Ediacaran. 
Gaucher et al. (2005b) and Gomez Peral et al. (2007) correlated the Sierras Bayas 
Group and Cerro Negro Formation with the ASG, based on bio-, litho- and 
chemostratigraphical data (Fig. 1). Therefore, the Sierras Bayas-Arroyo del Soldado-
Corumba shelf covered more than 2500 km in length. The opening of the Brasiliades 
Ocean between the Rio de la Plata Craton and the Parana Block was proposed by 
Gaucher and Germs (2002) to explain the development of the ASG shelf. 
Detrital zircons in quartzites of the Sierra Bayas Group dated by Rapela et al. 
(2007) and Gaucher et al. (2008c) indicate a dominant provenance at about 2.2 Ga and 
a minor peak at about 1.1 Ga, showing the absence of zircons of Brasiliano age. The r 
authors found similar peaks for the Piedras de Afilar Formation in the Piedra Alta 
Terrane (Fig. 2a). On the other hand, zircons recovered from two sandstone levels in 
the ASG (Yerbal and Cerros San Francisco Formations) are dominantly Archaean and 
Palaeoproterozoic in age (Gaucher et al., 2008c). 
Two different scenarios were proposed for the geotectonic setting in which the 
Arroyo del Soldado Group was deposited: (1) The Arroyo del Soldado Group was 
deposited in a foreland basin as response to the orthogonal collision between the 
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Kalahari and Rio de la Plata Cratons forming part of the Dom Feliciano Belt (Fragoso-
Cesar, 1991; Basei et al., 2000). In this scenario, the Cuchilla Dionisio-Pelotas Terrane 
was part of the Dom Feliciano Belt and therefore acted as the most important source 
area. (2) The Arroyo del Soldado Group was deposited on a widespread passive margin 
along the western border of the Rio de la Plata Craton and the tangential collision with 
the Cuchilla Dionisio-Pelotas Terrane post-dated the deposition of the ASG (Bossi and 
Gaucher, 2004; Gaucher et al., 2008c). In the latter case, a provenance mainly derived 
from the Rio de la Plata Craton should be detected. In Chapters 5, those aspects 
regarding the tectonic setting and palaeogeography are discussed in detail in view of 
the new evidence presented in this work. 
1.4 THE NAMA GROUP 
1.4.1 Damara Orogen 
The Damara Orogen includes the Kaoko, Gariep and Damara Belts and is understood to 
represent a collisional triple junction (Fig. 1; Coward, 1981, 1983; Miller, 1983; 
Hartmann et al., 1983; Porada, 1989; Trompette, 1994; Prave, 1996; Franz et al., 1999). 
The inland Damara Belt resulted from the collision of the Congo and Kalahari Cratons 
during Neoproterozoic to early Palaeozoic times after the closure of the Khomas Sea. 
The latter was developed after the rifting of the Congo and Kalahari Cratons during the 
Cryogenian (Fig. 1; Miller, 1983; Stanistreet et al., 1991). The Gariep Belt is located 
towards the west of the Nama Basin. It resulted from the late Neoproterozoic to Middle 
Cambrian collision between the Kalahari and Rio de la Plata Cratons or other South 
American fragment, after the closure of the southern Adamastor Ocean (Frimmel and 
Frank, 1998; Frimmel, 2000; Frimmel and Foiling 2004; Basei et al., 2005; Gray et al., 
2006). 
Damara Belt 
The Damara Belt, which is an asymmetric double-vergent orogen, has been 
divided into several zones based on stratigraphy, metamorphic grade, structure and 
geochronology: the Southern Foreland (Nama Basin), the Southern Marginal Zone, the 
Southern Zone, the Central Zone and the Northern Zone (Miller, 1983). 
In the Southern Marginal Zone and in the Southern Zone of Miller (1983) or 
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Fig. 3. Regional map showing the location of the Nama Group, the Damara and Gariep Belts, and 
the study area. Modified after Saylor et al. (1995). CZ: Central Zone, SZ: Southern Zone, SMZ: 
Southern Marginal Zone, RBI: Rehobot Basement Inlier, NSZ: Nam Shear Zone. Section A and B 
are shown in figure 4. 
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Hakos Terrane of Hoffman (1994), the Damara Belt is thrusted and folded in nappe 
structures showing south-west vergence (Fig. 4a). This occurred during deposition of 
sediments of the Nama Group (Kash, 1983a, b; Miller, 1983). 
The Damara Sequence in the Southern Zone is composed of metasediments and 
amphibolites and underwent high-pressure, low-temperature metamorphism under 
greenschist to upper amphibolite facies conditions (Miller, 1983; Figs. 3 and 4a). 
Metapelites with garnet are very common in the Swakop Group (Kuiseb Formation). In 
the Southern Zone, Kash (1983b) reported an assemblage of kyanite + staurolite + 
garnet + biotite + muscovite + quartz for schists of the Kuiseb Formation. Monazite 
ages from the schist of the Kuiseb Formation are between 518 and 513 Ma, whereas 
those from migmatites of the schist are from between 525 and 515 Ma (Kukla, 1993) 
and these ages were interpreted as the peak of regional metamorphism (between 520 
and 505 Ma). 40Ar- 39Ar thermochronological data presented by Gray et al. (2006) 
indicate cooling through the temperature interval of about 550-300 °C took place 
between 500 and 485 Ma in the Southern Zone of the Damara Belt. The lack of syn-
and post-collisional granites in the Southern Zone is a notable feature compared with 
the Central Zone (see below). 
A pre-Damaran basement is exposed within the Southern Marginal Zone and the 
Southern Foreland of the Pan-African Damara Belt, termed by Becker et al. (2005) as 
the Rehobot Basement Inlier (RBI, Figs. 3 and 4a). This basement inlier is composed 
of: (1) gneissic rocks of unknown agewhich are possibly part of the Kalahari Craton, 
(2) a late Palaeoproterozoic greenstone-type sequence, overprinted by medium to high-
grade metamorphism and (3) metasedimentary, metavolcanic and intrusive 
Mesoproterozoic rocks. The Sinclair Group is exposed to the southwest of the RBI, and 
is composed of metasedimentary, metavolcanic and intrusive Mesoproterozoic rocks. It 
is separated from the RBI by the NNW—SSE-striking Nam Shear Zone (NSZ, Figs. 3 
and 4a) that was generated and active during the 1.1 to 1.0 Ga Namaqua Orogeny 
(Becker et al., 2005; 2006). The Alberta Complex is the most prominent mafic and 
ultramafic intrusion (Becker and Brandenburg, 2002) within the Southern Marginal 
Zone. Kukla and Stanistreet (1991) described ophiolites, similar to Alpine-type bodies. 
Serpentinite, chlorite-schist and amphibolite are described by Kash (1983a,b) in the 
Southern Marginal Zone of the Damara Belt, and are interpreted as disrupted relict of 
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an ophiolite which represent the suture of a continental collision. The Matchless 
Amphibolites is 350 km long and up to 3 km wide (Figs. 3 and 4a) and comprises 
deformed tholeiitic oceanic metabasalt. The MORB composition of the Matchless 
(Finnemore, 1978; Breitkopf and Maiden, 1987) was interpreted in terms of both 
extrusive and intrusive mid-ocean ridge-type settings by some authors (Kash, 1983; 
Miller, 1983). Kukla and Stanistreet (1991) emphasized the allochthonous 
characteristic of the Matchless Amphibolites, structurally emplaced in the Khomas 
Trough (Fig. 4a). 
The Damara Sequence in the Central Zone is composed of granites and 
subordinate meta-sediments and pre-Damara basement rocks (Miller, 1983). There is 
an increase in the metamorphic grade from east to west reaching high-grade conditions 
(700-750°C and 5-6 kbar) with local partial melting (Hartmann et al., 1983; Jung and 
Mezger, 2003). In the Central Zone, according to Jung et al. (2000) and Jung and 
Mezger (2003), the peak of metamorphism occurred between 540 and 504 Ma (with 
thermal pulses at —540 to —530 and —525 to —504 Ma). The emplacement of syn- to 
post-tectonic granitoids occurred between 650 and 450 Ma, probably as a response to a 
polycyclic orogenic history (Kroner, 1982). 
The Northern Zone is represented by Neoproterozic folded and metamorphosed 
sediments and several pre-Damara basement inliers of the Congo Craton (Miller, 1983). 
The Northern Zone and its foreland, the Mulden Basin (Fig. lb), probably were not 
source areas for the Nama Basin as they show a northern vergence towards the Congo 
Craton, and hence are located on the northern side of the orogen. They were likely to 
have been separated from the Nama basin by a palaeohigh in the core of the orogen. 
Gariep Belt 
The Gariep Belt is exposed in several outcrops in the southern Namib desert, from 
the coast between Luderitz and Port Nolloth and up to 100 km inland (Fig. 3). South of 
Port Nolloth, most of the belt strikes out to sea with only a few small outcrops along 
the coastline, and then re-emerges in an erosional outlier around 31°S (Vredendal 
Outlier). The Gariep Belt represents a Pan-African fold and thrust belt, in which two 
major tectonic units are distinguished (Frimmel, 2004). In the internal western part of 
the belt, oceanic rocks that lack any continental basement occur (Figs. 3 and 4b, 
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Marmora Terrane). The external part further east (Port Nolloth Zone) consists of 
continental sedimentary successions with subordinate volcanic rocks (Port Nolloth 
Group), which, though intensely deformed internally, still rest on their Palaeo- to 
Mesoproterozoic basement. A major thrust fault (the Schakalsberge Thrust) separates 
the allochthonous Marmora Terrane from the para-autochthonous Port Nolloth Zone 
and has been dated between 547 and 543 Ma (Frimmel and Frank, 1998) giving a 
minimum depositional age. The maximum age for the deposition in the Gariep Basin is 
given by rift-related felsic magmatism which was dated by the U-Pb zircon method at 
771 ±6 Ma (Frimmel and Frank, 1998; Frimmel and Foiling, 2004). The post-tectonic 
alkaline Kuboos pluton intruded the sequence and has yielded a U-Pb zircon age of 507 
±6 Ma (Frimmel, 2000). 
The basement in the Gariep area is largely composed of the Namaqualand 
Metamorphic Complex (NMC) and a series of alkali granite and syenite bodies of the 
Richveld Igneous Complex (RIC), which were emplaced post-tectonically into the 
Namaqualand Metamorphic Complex. Geochronological data suggest that the 
Namibian NMC include Mesoproterozoic rocks (1250-1100 Ma) and a strongly 
reworked Palaeoproterozoic basement (Becker et al., 2006). The latter is composed of 
low-grade metamorphosed Vioolsdrif Suite granitoids (1700-1800 Ma) and 
metavolcanic rocks of the Orange River Group (1900-2000 Ma). 
1.4.2 Stratigraphy, sedimentology and age of the Nama Group 
The Nama Group is subdivided from old to young into the Kuibis Subgroup 
(KSG), Schwarzrand Subgroup (SSG) and Fish River Subgroup (FSG), (Germs, 1983; 
Fig. 5). Each of these subgroups has its own lithological characteristics. The 
sedimentary rocks of the KSG are generally white and quartzitic, those of the SSG are 
greenish and less quartzitic, while those of the FSG are reddish, feldspathic and slightly 
friable. Some prominent carbonate successions occur in the KSG and SSG, but they are 
absent in the FSG. Major unconformities occur at the base of the Nama Group, the 
Nomtsas Formation (uppermost SSG) and the FSG (Fig. 5; Germs, 1983). 
The exceptional fossiliferous content of the Nama Group makes this sedimentary 
succession unique in the world (McCall, 2006 and reference therein). Its fossils are 
useful age indicators. The occurrence of an Ediacaran fauna (Germs, 1972a, 1983, 
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1995), organic-walled microfossils (Germs et al., 1986) and of the shelly fossils 
Cloudina (Germs, 1972b, 1974, 1983; Grant, 1990) and Namacalathus (Grotzinger et 
al., 1995) in the lower Nama Group (i.e. stratigraphically below the Nomtsas 
Formation, upper SSG) are indicative of a late Ediacaran age. The upper Nama Group 
(above the Nomtsas Formation unconformity) is Cambrian in age as indicated by the 
trace fossil Treptichnus pedum (Fig. 5; Germs, 1972b, 1974). Jensen and Runengar 
(2005) suggested that the Ediacaran-Cambrian boundary might locally be at the 
uppermost part of the Urusis Formation, rather than at the base of the Nomtsas 
Formation. The complexity of burrowing of the trace fossil Streptichnus narbonnei is 
the main reason to assign a Cambrian age to the upper part of the Spitskop Member 
(Jensen and Runengar, 2005). 
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Fig. 5. Stratigraphic columns from the Zaris sub-basin (north of Osis ridge) and Witputs sub-basin 
(south of Osis ridge) and their average palaeocurrents for the Nama Group, after Germs (1983). 
Ages represent tuff layers dated by Grotzinger et al. (1995) and palaeontological data after Germs 
(1972a). 
Precise radiometric data are available from the Nama Group. A volcanic ash bed 
of the upper KSG has yielded a U-Pb single zircon age of 548.8 ±1 Ma. A volcanic ash 
bed of the Spitzkop Member of the upper SSG has yielded a U-Pb single zircon age of 
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545 ±1 Ma and another U-Pb single zircon age of 543 ±1 Ma (Grotzinger et al., 1995). 
An ash layer in the lower Nomtsas Formation was dated at 539 ±1 Ma (Grotzinger et 
al., 1995) (Fig. 5). 
Palaeocurrent analyses indicate a source for the lower Nama Group mainly from 
the eastern Kalahari Craton and for the upper Nama Group from the exhuming northern 
Damara and western Gariep Orogenic Belts (Germs, 1983; Germs and Gresse, 1991). 
The Nama Group generally accumulated in a fluvial braided river to shallow marine 
environment (Germs, 1983). In southern Namibia, a minor glaciation or cold period 
took place during deposition of the lower Schwarzrand Subgroup (Germs, 1995). A 
possible second glaciation might have occurred prior and/or during deposition of the 
basal Nomtsas Formation (i.e. near the Precambrian/Cambrian boundary). Both 
"glacial" events correspond with low 5 13 C isotope ratios recorded in the underlying 
carbonates (Kaufinan et al., 1991). Stratigraphically upwards, deposition within a 
fluvial braided river environment becomes prevalent and reddish sediments comprise 
the Fish River Subgroup (Germs, 1983). 
1.4.3 Geotectonic setting of the Nama Group 
The Nama Group was deposited in a peripheral foreland basin along the western 
margin of the Kalahari Craton (Germs, 1974; Germs and Gresse, 1991; Germs, 1995; 
Frimmel and Frank, 1998) and it was interpreted as the response to tectonism in the 
adjacent northern Damara and western Gariep Orogenic Belts (Figs. 4a and b). During 
deposition of the early Nama Group, the foreland basin consisted of three sub-basins 
separated by the northern Osis and southern Kamieskroon Arches which may represent 
forebulges, reflecting lithospheric bounding emerged by sedimentary loading (Saylor et 
al., 1995; Saylor, 2003). However, during late Nama depositional times, these two 
arches lost their importance as fluvial elastic sediments overfilled the basin. Other 
arches, e.g. the Koedoelaagte Arch, became active and started to influence the 
deposition of sediments in the foreland basin, as can be demonstrated by the regional 
facies architecture of the Nama basin (Germs and Gresse, 1991). 
Recently, several authors put forward a different collisional scenario between the 
Gariep Belt and the Kalahari Craton (Fig. 6; Basei et al., 2005; Gray et al., 2006; 
Goscombe and Gray, 2007). A retro-arc foreland setting was proposed by Basei et al. 
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(2005) for Nama Group deposition with respect to the Gariep Belt. They inferred east-
directed subduction under the Kalahari Craton. Reid et al. (1991) dated a metamorphic 
amphibolite dyke emplaced during transpressional tectonism that yielded a 4°Ar- 39Ar 
age of 545 ±2 Ma interpreted as recording the times of the continent-continent 
collisional event. According to Frimmel and Frank (1998) amphibolites from the 
Marmora Terrane yield Ar-Ar hornblende plateau ages between 547 ±4 and 543 ±6 Ma, 
recording a collisional event prior to the closure of the Adamastor Ocean (Stanistreet et 
al., 1991) which finally occurred at ca. 500 Ma when the Gariep Belt was thrust onto 
the Kalahari Craton (Germs and Gresse, 1991). However, a later closure of the 
Adamastor Ocean during the Cambrian-Ordovician, as proposed by Gray et al. (2006), 
indicates a larger time span between collision and ocean closure. This opens question 
about the exact timing of the collision between the Rio de la Plata and Kalahari 
Cratons, which led to the final amalgamation of SW Gondwana. Current lines of 
thinking indicate that the Kaoko and Gariep Belts and their counterpart, the Pelotas-
Aigua Batholith (Dom Feliciano Belt or Cuchilla Dionisio-Pelotas Terrane; Fig. 1) in 
South America were part of an active margin and that subduction was beneath the 
Kalahari and Congo Cratons (Goscombe and Gray, 2007). 
In Chapters 2 to 4, various aspects regarding the timing of deposition and the 
provenance of the Nama Group are discussed in detail, with the main objective of 
testing the different geotectonic hypotheses. The identification of different source areas 
of the Nama Basin assigned to the Damara-Gariep Belts and their basement(s) will 
undoubtedly lead to a better understanding of Gondwana amalgamation during early 
Palaeozoic times. 
1.5 SAMPLING AND ANALYTICAL METHODS 
The sampling was preferably carried out on well-known type-sections of the 
Nama (Germs, 1983) and Arroyo del Soldado Groups (Gaucher, 2000). Stratigraphic 
sections from the literature were used to position the samples and they are shown and 
cited in the different figures (maps and sections in Chapters 2 to 5). The sampling 
aimed to cover all different lithologic types in each section. At the same time, efforts to 
sample the complete stratigraphy of each unit in an equidistant way were made. From 
each sample a thin section was prepared, and it was milled for geochemical, isotope 
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and XRD analyses. More than 170 samples were analyzed for geochemistry, 11 were 
analysed for Sm/Nd isotopes and more than one hundred for petrographic observations. 
Samples of 2-5 kg each were selected to obtain heavy minerals concentrates. Four 
samples of the Arroyo del Soldado Group were prepared for heavy mineral analyses 
and three were selected for zircon dating and a total of 101 concordant zircons were 
analyzed. In the case of Nama Group, ten samples were prepared for heavy mineral 
studies and seven for zircon dating and 288 concordant zircon were analysed. Details of 
the different analytical methods are given in Appendix 1. 
1.6 OUTLINE OF THESIS 
Each chapter of the thesis is structured in publication format and for that reason 
some of the information is repeated. The thesis commences with the examination of the 
geochemistry, zircon dating, heavy mineral chemistry and petrography of "Black 
Sands" of the upper Nama Group (Namibia) to get better insight on their provenance 
(Chapter 2). Continuing with the Nama Group, in Chapter 3, the provenance is 
specifically addressed using chemistry and petrography of chromian spinels, which 
were found in three different stratigraphic levels in the Nama Group (the Niederhagen, 
Niep and Haribes Members). Chapter 4 completes the study of the Nama Group, using 
whole rock geochemistry, U-Pb zircon dating and petrography to evaluate the 
provenance of the entire Nama Group by using samples from different parts of the 
basin. Nd isotopes, geochemistry, petrography and U-Pb zircon dating of the Arroyo 
del Soldado Group (Uruguay) are presented in Chapter 5 in order to get insights into 
their provenance. Finally, in Chapter 6, the Nama and Arroyo del Soldado Groups are 
compared in terms of their provenance, and a paleogeographic model is presented. 
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CHAPTER 2 
INTEGRATED PROVENANCE ANALYSES ON "BLACK SANDS": 
A CASE STUDY FROM THE LOWER CAMBRIAN 
FISH RIVER SUBGROUP 
(MAMA GROUP, NAMIBIA) 
ABSTRACT 
Heavy mineral rich-sandstones ("black sands") of the Lower Cambrian upper Fish 
River Subgroup in Namibia were used to reveal the provenance of the detrital material, 
and to test how far the heavy mineral addition influences provenance results. The host 
rocks of the black sands from the Haribes and Rosenhof Members are mainly 
composed of partly rounded quartz, feldspar (K-feldspar > plagioclase), polycrystalline 
quartz, few siltstone fragments and labile altered or metamorphosed volcanic 
lithoclasts. Geochemical proxies are similar to those from typical foreland deposits and 
point to slightly recycled upper continental crustal composition: Th/Sc (1.23-1.95), 
Zr/Sc (24-38), La/Sc (4.8-10.8). Heavy mineral addition up to 30% does not 
significantly change Th/Sc, La/Sc and La/Th values, but slightly change Zr/Sc ratios 
(38-53). The heavy mineral-enriched beds (50-75% of the whole rock), display nearly 
similar La/Sc ratios compared with other lithotypes. They are 9x enriched in rare earth 
elements and show a significant negative Eu-anomaly, and an enrichment of heavy over 
light rare earth elements, as well as higher Zr/Sc ratios (82-299), typical for extremely 
reworked passive margin deposits. On the other hand, the chemical composition of 
separated heavy minerals points to a relatively strong influence of metapelitic and 
metamafic sources, which were not identified by petrography or geochemistry. Mineral 
chemical analyses of chromian spinels point to island arc and mid-ocean ridge basalts 
as protoliths, whereas rutiles were derived from metamafic and metapelitic sources and 
the dominant garnet (mainly almandine) derived from high-grade and low-grade 
metapelitic sources. Titanite shows dominance of felsic and mafic plutonic rocks as 
sources, while epidote points to low-grade metamorphic protoliths. Magnetite was 
eroded from felsic plutonic or metamafic rocks. The enormous variability of source 
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rocks is typical for an exhumed crustal fragment, mainly caused by regional thrusting 
produced by collision in a typical foreland tectonic setting. Such a scenario is rather not 
typical for arc terranes or passive margins. Palaeocurrents indicate that the main source 
region for the heavy minerals and the host rock minerals were the evolving Damara 
Belt. U-Pb zircon grain analyses show typical Namaquan (1028, 1055, 980 and 1171 
Ma) and Pan-African (569, 626, 592 and 547 Ma) age populations. Two subordinate 
zircon peaks at 818 and 731 Ma are linked to rifling, probably related to Rodinia 
fragmentation. The Damara Belt resulted from the convergence of the Congo and 
Kalahari Cratons during the Upper Ediacaran to Lower Cambrian. Although the exact 
age of collision is debated, the data presented here point to exhumed metamorphosed 
crustal fragments and granitoids related to the Damara Belt during deposition of the 
upper Nama Group (ca. 539-530 Ma). 
2.1 INTRODUCTION 
Provenance studies of sandstones are a powerful tool to determine the main 
characteristics of source areas, which supplied adjacent basins, and consequently are 
important in deciphering the tectonic setting of sedimentary successions (e.g. 
McLennan et al., 1990, 1993; Bahlburg, 1998; Bock et al., 1998, 2000, Hurowitz and 
McLennan, 2005; Blanco et al., in press). This study reports petrographic data, U-Pb 
ages of detrital zircons, heavy minerals analyses and geochemical proxies from the 
Lower Cambrian Haribes and Rosenhof Members (Fish River Subgroup) of the upper 
Nama Group in southern Namibia, c.100 km north of the Orange River, along the 
boundary between South Africa and Namibia (Figs. 1 and 2). The Nama Group is 
believed to represent the sedimentary infill of a late Neoproterozoic to early Palaeozoic 
foreland basin related to the Damara Belt (e.g. Germs, 1983) and Gariep Belt in the 
southwestern border of the basin (Fig. 1). Process and timing of this tectonic event, are 
however debated (e.g. Germs, 1995; Frimmel and Frank, 1998; Basei et al., 2005; Gray 
et al., 2006). In the Haribes and Rosenhof Members of the Fish River Subgroup (Figs. 2 
and 3), concentration of heavy minerals, so-called "black sands", occur (Fig. 4). The 
purpose of this study is two-fold: (i) to determine the provenance of these black sands 
by a detailed analysis of the heavy mineral assemblages including zircon dating and, 
(ii) to compare the whole-rock geochemistry of the black sands with their "host" rocks. 
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Fig. 1. Regional map showing the location of the Nama Group, the Damara and Gariep Belts 
and the study area. Sampling localities are shown in the southern Nama Basin (see Fig. 2). 
Modified after Saylor et al. (1995). CZ: Central Zone, SZ: Southern Zone, SMZ: southern 
Marginal Zone, RBI: Rehobot Basement Inlier, NSZ: Nam Shear Zone. 
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Such a comparison can contribute to a better understanding of the important role the 
heavy minerals, and especially placer deposits, play in determining provenance. Certain 
heavy minerals can supply source information that is not recorded in the host rock due 
to sorting, diagenesis or metamorphism (e.g. Cookenboo et al., 1997; Garcia et al., 
2004; Abre et al., 2005). Finally, the U-Pb ages of detrital zircons will be interpreted in 
a wider context for a better understanding of the tectonic evolution of southwestern 
Gondwana. 
2.2 GEOLOGIC SETTING 
The black sands, the focus of this study, occur in the Haribes and Rosenhof 
Members (Haribes/Rosenhof Members; Fish River Subgroup) of the upper Nama 
Group in southern Namibia (Figs. 1 to 4). The Nama Group is subdivided (from old to 
young) into the Kuibis, Schwarzrand and Fish River Subgroups (e.g. Germs, 1983; Fig. 
3). Each of these subgroups is distinguished by its own lithological characteristics. The 
sedimentary rocks of the Kuibis Subgroup are generally white and quartz-rich, whereas 
those of the Schwarzrand Subgroup are greenish and less quartz-rich, and those of the 
Fish River Subgroup are reddish, feldspathic and slightly friable. Some prominent 
carbonate successions occur in the Kuibis and southern part of the Schwarzrand 
Subgroups, but they are absent in the Fish River Subgroup. Major unconformities occur 
at the base of the Nama Group, the Nomtsas Formation of the uppermost Schwarzrand 
Subgroup and at the base of the Fish River Subgroup (Fig. 2). Precise radiometric age 
data are available for the Nama Group. A volcanic ash bed from the upper Kuibis 
Subgroup yielded a U-Pb zircon age of 548.8 ±1 Ma, while the Schwarzrand Subgroup 
yielded zircon ages of 545.1 +1 Ma and 543.3 ±1Ma (Grotzinger et al., 1995). An ash 
layer in the lower Nomtsas Formation (upper Schwarzrand Subgroup) gave a zircon 
age of 539.4 ±1 Ma (Grotzinger et al., 1995; Fig. 3). This implies a rather short 
sedimentation timeframe of only ca. 10 Ma for the entire Schwarzrand Subgroup. 
These radiometric ages are in agreement with the palaeontological record. The lower 
Nama Group contains Ediacaran fossils (Germs, 1972a, 1983, 1995), organic-walled 
microfossils (Germs et al., 1986), shelly fossils such as Cloudina (Germs, 1972b, 1974, 
1983; Grant, 1990) and Namacalathus (Grotzinger et al., 1995; Fig. 3). The upper 
Nama Group (above the Nomtsas Formation unconformity) is Cambrian in age as 
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indicated by the trace fossils Treptichnus pedum and Diplichnites (Germs, 1972c, 1974; 
Crimes and Germs, 1982). Jensen and Runnegar (2005) suggested that the Ediacaran-
Cambrian boundary might occur in the uppermost part of the Urusis Formation, rather 
than at the base of the Nomtsas Formation (Germs, 1983). Complex burrowing shown 
by the trace fossils Streptichnus narbonnei and Treptichnus pedum are the main reasons 
in assigning a Cambrian age to the upper part of the Spitskop Member (Jensen and 
Runnegar, 2005). 
The Nama Group was deposited in a foreland basin along the western margin of 
the Kalahari Craton (Germs, 1974; Germs and Gresse, 1991), interpreted as the 
response to tectonism in the adjacent northern Damara and western Gariep Orogenic 
Belts (Fig. 1). During early Nama Group depositional times, the foreland basin 
consisted of three sub-basins separated by the northern Osis and southern Kamieskroon 
arches, which represent forebulges of bounded lithosphere exposed to erosion due to 
the tectonic activity and sedimentary loading. However, during late Nama depositional 
times (represented by Fish River Subgroup) these two arches became less important as 
elastic sediments overfilled the basin (Germs, 1983, 1995). The main orogenic event 
responsible for the peak metamorphism deduced from Ar-Ar data on mafic rocks of the 
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after Germs (1972a). 
Gariep Belt yielded ages between 547 and 543 Ma on hornblendes (Frimmel and Frank, 
1998; Frimmel and Foiling, 2004). However, recently Gray et al. (2006) and Goscombe 
and Gray (2007) proposed a final collision and closure of the inferred Adamastor 
Ocean (Stanistreet et al., 1991) during the Ordovician, and that the peak of 
metamorphism for the Damara Belt was reached around 530-510 Ma. Nevertheless, the 
nature and timing of the collision that formed the Gariep Belt could not be deduced by 
provenance data so far. 
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2.2.1 Sedimentology 
Palaeocurrent analyses of the lower Nama Group indicate a deposition mainly 
derived from the eastern Kalahari Craton, while for the upper Nama Group (above the 
Nomtsas Formation unconformity) the deposition was controlled by the uplift of the 
northern Damara Belt (Fig. 1; Germs, 1983). 
L 	 1--" 
Fig. 4. Outcrop of the Haribes Member showing the flat-bedded facies in which the richest layers of 
black sands (lower left) occur. The feldspar-rich host rock and large-scale trough-crossbedded 
facies are on top. 
The sediments of the Nama Group generally accumulated in a fluvial braided river 
to shallow-marine environment. Stratigraphically upwards, the fluvial braided river 
environment becomes prevalent (Germs, 1983). The black sands and the reddish host 
rock material of the Haribes Member accumulated predominantly in a fluvial braided 
environment. The overlying and interfmgering Rosenhof Member contains more 
mudrocks than the Haribes Member, and was deposited in a braided fluvial to shallow 
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marine environment as indicated by the occurrence of the trace fossils Treptichnus 
pedum and Skolithos (Germs, 1983; Geyer, 2005). The detrital material of the 
Haribes/Rosenhof Members was transported from north to south (Fig. 3; Gresse and 
Germs, 1993). 
Two facies can be distinguished in sandstones of the Haribes Member, namely a 
large-scale trough-crossbedded facies related to a braided river environment, and an 
overlying flat-bedded facies, which represents the upper flow regime of a braided river 
environment (Fig. 4; Germs, 1983). Geyer (2005) noted the influence of a shallow 
marine environment on the deposition of the Haribes and Rosenhof Members, which 
probably occurred on a shallow-dipping coastal area dominated by tidal activity. Black 
sands are present in both the trough-crossbedded and flat-bedded facies, but 
predominantly occur in the finer grained sandstones of the latter (Fig. 4). The black 
sands occur as laterally continuous layers in the Haribes Member and only very locally 
in the Rosenhof Member, and were generally deposited in thin layers of 0.5 to 1.5 cm 
thickness. However, in some localities the layers are up to 5 cm thick. Thin layers of 
hematite and magnetite grains cause the black colour of the sands (Fig. 4, lower left). 
2.3 SAMPLING AND ANALYTICAL TECHNIQUES 
Sampling 
Sampling was performed in the Witputs sub-basin, south of the Nama basin. 
The numbers in figure 2 represent different samples in three localities and correlate 
with those in the Table 1. Twelve samples of the Haribes and four of the Rosenhof 
Members were collected and subjected to petrographic and geochemical analyses. 
Heavy mineral separation and petrography 
The samples 03-412 (Haribes Member) and 03-389 (Rosenhof Member) were 
selected (Fig. 2) and prepared using the standard laboratory technique of Mange and 
Maurer (1992). They were crushed and the fraction between 75-212 gm was used for 
analysis. These samples were treated with bromoform (tetrabromoethane, density 2.89 
g/cm3) to obtain the complete heavy mineral fraction followed by an electromagnetic 
separation with a Frantz Isodynamic Separator. The fractions were embedded randomly 
into epoxy resin, avoiding a preference for a certain population, polished down and 
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carbon coated. The identification and characterization (shape, size, fractures, and 
inclusions) of the heavy minerals and the petrographic observation of thin sections 
were under taken by petrographic microscope, scanning and backscattered electron 
microscope using energy dispersive spectrometry (SEM-BSE-EDS). A JEOL JSM-
5600 with a tungsten filament was used and EDS analyses were performed using a 
Noran X-ray detector and Noran Vantage software. The SEM-BSE-EDS system was 
set at 15 keV, a working distance of 20 mm and a live time of 60 s per spot. XRD 
analyses were carried out using a Philips PW1729 automated powder diffractometer 
system with a PW1710 vertical goniometer. CuKa X-rays were generated at 30mA and 
40kV. The following scan parameters were used: angle range: 5° to 70° 20; scan speed: 
3 seconds per degree. Results are shown in Tables 1 to 6 of Appendix 3. 
U-Pb analyses on detrital zircons 
Due the their high zircon concentrations (up to 5% vol.), samples 03-412 
(Haribes Member) and 03-389 (Rosenhof Member) were handpicked from the obtained 
heavy mineral separates and mounted on a 2.3 cm wide disk. For detailed description, 
see Appendix 1. Results are shown in Table 7 of Appendix 3. 
Whole -rock geochemistry 
Samples for geochemical analyses were milled to an extreme fine grain size in a 
Cr-steel beaker. The Cr element analyses were discarded because of contamination. For 
detailed description, see Appendix 1. To obtain REE patterns, three representative 
samples were measured with ICP-MS (inductive coupled plasma-mass spectrometry) at 
ACME Labs. Vancouver, Canada. 
2.4 SANDSTONE PETROGRAPHY 
Based on the different sedimentologic facies and the occurrence of heavy 
mineral bands, the samples are divided in three groups. Their recognized mineral 
compositions are given in Table 1. The detailed petrographic descriptions are given in 
Appendix 5. 
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Fig. 5. Selected heavy minerals microphotographs under the SEM and CL. (a) 3D picture of 
dodecahedral almandine. (b) Subangular almandine clast with inclusion of biotite. (c) Rounded 
monazite. (d) Subangular chromian spinel. (e) Rounded allanite-epidote. (f) Euhedral authigenic 
rutile surrounded by a chloritic matrix. (g) Apatite. (h) Trellis texture in magnetite. (i) Sandwich 
type texture in magnetite. (j) Rounded zircon. (k) Probable metamorphic zoning in zircon. (1) 
Igneous zoning in zircon. Scale bars represent 80 j.im for all photographs. 
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Flat-bedded facies of the Haribes and Rosenhof Members (Group I) 
The sandstones in both members are typically fine to medium grained, 
moderately to well sorted, feldsarenites according to the Folk et al. (1970) classification 
scheme. Feldspars are usually well rounded and their content varies between 30 and 
40% in the entire rock. K-feldspar is more common than plagioclase. Generally, 
microcline is dominant over orthoclase. The sedimentary fragments mainly consist of 
siltstones and the metamorphic fragments are quartzite. Rare lithoclasts are probably 
derived from fine-grained metamafic rocks, which show chlorite and serpentinite with 
inclusions of opaque minerals. The cement content is generally less than 5% vol. and it 
is composed of illite and secondary quartz overgrowths. 
Trough-crossbedded facies of the Haribes Member (Group 2) 
The red sandstones of the Haribes Member are characterised by large scale 
trough-cross bedding. Although they are enriched in heavy minerals, their 
concentrations are lower than in the black sands of the flat-bedded facies of the 
Haribes/Rosenhof Members (see Table 1). This facies is composed of fine laminated 
feldsarenites, which are fine to medium-grained, mostly poorly sorted and dominated 
by angular to subangular clasts. The cement is less than 10% and composed mainly of 
hematite and quartz, while titanite, chlorite and illite occur in low amounts. 
Metamorphic lithoclasts are composed of quartzite, chlorite-serpentinite, while 
sedimentary lithoclasts are cherts. Heavy minerals do not exceed 30% of the total 
mineral assemblage. Garnet, epidote, titanite, zircon and opaque minerals dominate the 
heavy mineral population, similar to the flat-bedded facies composition. Accessory 
minerals are kyanite, staurolite, chlorite, muscovite and tourmaline. The opaque 
minerals are totally altered to hematite causing the characteristic red colour of this 
facies. 
Heavy mineral enriched domains ("black sands"; Group 3) 
Heavy minerals in the black sands are well sorted and fine to medium-grained and 
occurr as thin layers on a centimetre scale. The different mineral species are either 
subrounded (e.g. zircon and monazite), euhedral (e.g. garnet and chromian spinel) or 
broken fragment (e.g. chromian spinel and epidote) as shown in figures 5a to 51. 
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Quartz, feldspar and lithoclasts are minor constituents and constitute only a total 
content of less than 15% of the whole rock. They occur between the heavy mineral rich 
layers, are well rounded and medium grained. The heavy mineral layers are generally 
cemented by titanite (CaTiSiO 5), which formed probably after dissolution of ilmenite 
and titanomagnetite (see also Appendix 5). Titanite cement could also form via 
metasomatic introduction of CaO+Si0 2 from an external source or from plagioclase 
decomposition, and removal of FeO from opaque minerals to form chlorite (Haggerty, 
1991). 
The source of those CaO+Si02 fluids can be detrital titanites and garnets (see 
below), or silica and carbonate rich rocks of the Nama Group (Fig. 3). Calcite veins 
occur crosscutting the other cements. Altered feldspar clasts (both potassic and sodic) 
with barite (BaSO4) are frequently seen along cleavage planes, as well as garnets with 
crack-filling barite (see Appendix 5). Barite is also present as cement, lying along the 
lamination. 
The detrital transparent heavy minerals are dominated by almandine garnet (>25% 
of the total number of grains), less abundant zircon (5%), epidote-allanite (5%), titanite 
(5%) and rutile (5%). Apatite, serpentine, chromian spinel, kyanite, monazite, 
tourmaline, muscovite and biotite occur as accessory minerals. Also, a large amount of 
opaque heavy minerals also occur (35%). 
Garnets are relatively large with grains between 150 and 250 gm in diameter. 
Angular fragments or grains displaying dodecahedral faces occur (Fig. 5a), and 
subrounded grains were rarely observed. Garnets are pink and brown, do not show rims 
and only show rare inclusions. 
Zircons occur in a variety of shapes and with different zoning (Figs. 5j to 1). The 
zoned, elongated shapes result from continuous growth of very fine bands parallel to 
the crystal boundary, becoming denser near the periphery (Fig. 51). Other grains are 
rounded and display oval shapes (Fig. 5j). Discontinuous growth indicates overgrowth 
or outgrowth probably of metamorphic origin (Fig. 5k). Bi-pyramidal grains were also 
observed. Detrital micro-zircons (<20 gm) are present in the sandstone matrix and as 
inclusions in detrital rutile. Apatite inclusions are very common in all the zircon types. 
Rounded monazite grains are common, with diameters of 100 gm. They show 
yellow colour under normal light and are extremely bright under the BSE (Fig. 5c). 
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Chromian spinels occur as small-elongated grains of about 80 pm in length and 20 
pm width. Large grains with angular shapes are up to 200 pm in diameter, some of 
which are black and others are brownish red under normal light (Fig. 5d). 
Well-rounded detrital rutile displays brown to red colour, twining and some of 
them contain zircon inclusions (Fig. 5d). The presence of idiomorphic microcrystals of 
rutile (20 pm in diameter) growing on the surface of opaque minerals suggest that 
remobilization of titanium oxide occurred during early diagenesis (Fig. 50. 
Epidote commonly occurs as well-rounded green coloured grains (Fig. 5e). Grains 
fractured by abrasion are also common. Other grains show allanite veins, which are 
brighter under the BSE due to their high REE content. However, pure allanite grains 
are also common (Fig. 5e). Epidote grains are between 100 and 200 pm in diameter. 
Titanite is more abundant as an authigenic phase, and often replaces 
titanomagnetite and ilmenite to form leucoxene. Hematite lamellae within titanite are 
common, being exsolved from ilmenite during weathering processes. However, detrital 
well-rounded grains of titanite also occur. 
Kyanites display a characteristic square shape, cleavage and grey to blue colour. 
The grains are subangular, with diameters of about 100 p.m. 
Detrital chlorites are very common. The variety containing chromium is abundant, 
showing typical purple interference colours. All chlorites are well rounded, with 
diameters between 100 and 200 pm. 
Detrital opaque minerals represent more than 35% of the total heavy mineral 
grains. They comprise magnetite, titanomagnetite, hematite and less abundant ilmenite. 
Magnetite with significant concentrations of chromium (ferrichromite) is also present. 
These opaque minerals frequently show a variety of oxide textures, such as oxide-
exolution lamellae, trellis and sandwich types, but opaque minerals without any texture 
are also common (Figs. 5h and i). Magnetite is often partially replaced by hematite 
(martitization). The lack of hematite-rim cement around opaque grains suggests that 
martitization has occurred before deposition. Titanomagnetites host magnetite and 
ilmenite lamellae. The former is replaced by hematite whereas the ilmenite is replaced 
by leucoxene, titanite or less commonly is non-altered. Some grains show alternate 
curved bands of Ti-rich titanite and Ti-poor titanite, with evidence of pre-depositional 
deformation. 
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2.5 GEOCHEMISTRY 
2.5.1 Major element chemistry 
Geochemical analyses of elastic sedimentary rocks are a valuable tool for 
provenance studies as long as the bulk composition is not strongly affected by 
diagenesis, metamorphism or other alteration processes (e.g. McLennan et al., 1990, 
1993). The rocks here studied can be subdivided into three groups based on their heavy 
mineral content. Group 1 is relatively unaffected by the addition of detrital heavy 
minerals. Group 2 contains between 20 and 30% heavy minerals, whereas Group 3 
"black sands' have heavy mineral concentrations up to 75% (Table 1). Group 1 
represents the "host rock" to the black sands samples and are characterized by a high 
concentration of silica (73 to 83%), relatively low A1203 abundances (7-10.5%) and 
variable Fe203 contents. 
2.5.2 Alteration and weathering 
The black sands (Group 3) and the Group 2 do not represent typical upper crustal 
compositions, while Group 1 has high silica concentrations and hence their chemical 
index of alteration (CIA = molar [A1203/(A1203+CaO*+Na20+K20)]; Nesbitt and 
Young, 1982) values are not representative. Average CIA values for all groups are 
mostly unrealistic (Appendix 6) and lower than values for unaltered upper continental 
crust composition (45-55 after Nesbitt and Young, 1982; Taylor and McLennan, 1985). 
The highest CIA values are found for Group 1 (-52), whereas Group 2 has slightly 
lower values (-47) and Group 3 shows the lowest values (-33). Thus, the CIA is 
probably reflecting the composition (controlled by heavy minerals) rather than the 
effects of alteration. Consequently, the alteration should be determined by another 
method. 
The Th/U versus Th plot (Fig. 6) display an elevation of Th/U ratios above upper 
crustal values (3.5-4.0 after McLennan et al., 1993) for most of the samples. Group 1 
shows a significant reworking, or U loss (hence high Th/U ratios), with values above 
upper continental crust (UCC). One sample shows low U and Th concentrations 
(Appendix 6), because of silica enrichment. In contrast, Group 2 and Group 3 show a 
less steep linear diagonal trend, implying a stronger Th enrichment over U. U was not 
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Fig. 6. Th/U vs. Th diagram after McLennan et al. (1990) to demonstrate the addition of heavy 
minerals in Group 3 by increased Th concentrations. Black filled symbols refer to the Rosenhof 
Member, and white symbols to the Haribes Member. 
enriched or more likely, was lost during weathering or reworking. The black sands 
(Group 3) are obviously more affected by Th enrichment because this element is 
concentrated in zircon and monazite. Petrographic studies of the Haribes and Rosenhof 
Members demonstrate a fair amount of weathering, especially of Fe-oxide phases, and 
are evident by the occurrence of sericite and calcite as replacement in feldspar. 
However, quantification of the alteration of Group 2 and Group 3 are not possible with 
the commonly used geochemical proxies. 
2.5.3 Trace element composition 
The trace element composition normalized to average upper continental crust 
(UCC values after McLennan et al., 2006; Appendix 6) could give information 
regarding the chemical nature of the heavy mineral addition, in relation to the typical 
upper crust composition. Averages of all three groups are shown in figure 7. Group 1 
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has trace element concentrations relatively close to the UCC, with depletion of mobile 
large-ion lithophile elements (LILE) such as Sr or Cs as it shows dilution by quartz 
(80% of Si02) compared with the UCC (66% of Si02). Compatible elements (V, Co, 
Ni, Ta, Nb and Sc) are depleted as well, while the incompatible elements are similar to 
the UCC values. 
Fig. 7. Trace elements normalized to UCC (after McLennan et al., 2006) for the three groups. 
Note the relatively low concentration of Ni in Group 3, and the similar immobile trace element 
patterns for Groups l and 2. The elements are organized from relatively incompatible and LILE 
(large ion lithophile elements) from left to more compatible elements to the right, ending with Th, 
an incompatible element to demonstrate the difference to Sc, a compatible element. 
Group 2 show a pattern similar to Group 1, but is enriched in U, P and V, 
compared with Group 1. Group 3, in contrast, display a different pattern, with depletion 
in some LILE (K, Sr, Rb and Cs) and extreme enrichment in Hf, Zr, Th and Ti due to 
the high concentration in heavy minerals such as zircon, rutile and monazite. 
Compatible elements of Group 3 are generally enriched (V, Sc), although Ni is less 
abundant than in all other groups. The Ba concentration is similar for all samples of the 
different groups, and is similar to the UCC value. 
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Fig. 8. (a) Chondritic normalized (after Taylor and McLennan, 1985) REE pattern for all three groups. 
Note the strong negative Eu-anomaly for Group 3 and two samples (one from Group 1 and 2), which 
are different from the main trend in their groups. 
(b) The three groups are normalized to each other to demonstrate differences in the REE patterns 
caused by heavy mineral addition (see text for discussion; normalization after Taylor and McLennan, 
1985). 
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Rare Earth Elements (REE) 
REE element patterns (Fig. 8a) of all samples are relatively similar to the PAAS-
(Post-Archaean Australian average shale after Nance and Taylor, 1976) pattern. 
However, Group 1 shows depleted concentrations compared with PAAS, with the 
exception of one sample (03-423) which is probably affected by the heavy mineral 
input. Group 2 is enriched in all REE with one sample showing typical PAAS 
concentrations (03-414). Group 3 is highly enriched in all REE (3-9 times the UCC). 
Eu/Eu* values are constant in Group 1 and Group 2 and between 0.5 and 0.7, but the 
Eu-anomaly is strongly negative in Group 3 (0.3-0.4; average 0.36; Table 2). The 
overall REE patterns are comparable with the PAAS and thus, the LaN/YbN ratios are 
close to the typical UCC value (6-8 after McLennan et al., 1993). Only one sample 
show a significant steeper pattern (14.1 for sample 03-392 of Group 1) and one a 
significant flattened pattern with a low LaN/Yb N value (4.64 for sample 03-406 of 
Group 3). 
Ce/Ce* values can indicate strong chemical weathering which mobilized less 
immobile LREE (light REE) and may lead to a positive Ce* anomaly (>1), as the oxide 
phase of Ce are less soluble than those of other LREE (Wilde et al., 1996; Kato et al., 
2002). Table 2 shows that all samples straddle around 1, with one exception (03-392, 
0.65). 
Normalization of the different groups to each other reveals important information 
about the nature of REE enrichment caused by the addition of heavy minerals to Group 
2 and Group 3. If samples of Group 2 are normalized to Group 1 (averages are plotted 
in Fig. 8b) a flat pattern results, demonstrating 4 times enrichment in total REE. This 
point to a heavy mineral addition not favoured by LREE, MREE (middle REE) or 
HREE (heavy REE) partitioning. In contrast, normalization of Group 3 to Group 1 or 
Group 2 shows a strong depletion in Eu and a slight positive slope. Thus, a 
preferred enrichment of HREE over LREE is observed. 
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2.6 PROVENANCE 
2.6.1 Framework mineral analyses 
Framework minerals in the host rocks are mainly derived from felsic sources, rich 
in alkaline feldspar, but with subordinate plagioclase. Sedimentary input from mafic 
sources is evident, derived from both metamorphic and volcanic rocks. 
These mafic lithoclasts are fragile and could not survive long transport distances. 
Therefore, their presence within the Fish River succession, which was deposited in a 
sedimentological setting dominated by braided rivers of moderate to high energy 
(Germs, 1983), probably indicates local source areas. 
2.6.2 Detrital zircon dating 
For a detailed explanation of the methodology, see section A1.3 of Appendix 1. 
The obtained zircon ages from sample 03-412 (Haribes Member), are characterised by 
a bimodal distribution with two main populations, a Neoproterozoic peak and an early 
Neoproterozoic to late Mesoproterozoic peak (Fig. 9a and Table 8 of Appendix 3). The 
first one is well defined by a peak at 592 Ma, with a minor peak at 731 Ma. The early 
Neoproterozoic to late Mesoproterozoic population has peaks at 980, 1055 and 1171 
Ma. 
The Rosenhof Member (sample 03-389) shows a similar bimodal age distribution, 
with peaks at 547, 569, 626 Ma (late Neoproterozoic) and at 1028 Ma (late 
Mesoproterozoic). A subordinate peak at 818 Ma is present, and only one 
Palaeoproterozoic zircon was measured (Fig. 9b and Table 8 of Appendix 3). 
Three main Mesoproterozoic (1.0-1.3 Ga) provinces in Namibia are distinguished 
(Becker et al., 2006), which probably fed the Haribes and Rosenhof Members (Fig. 1): 
(1) the Namaqua Metamorphic Complex (NMC) which outcrops to the south of 
Namibia, near the sampling locations, (2) the Sinclair Group basin, located west and 
north-west of the Nama basin and (3) basement "inliers" within the Neoproterozoic 
Damara/Kaoko Belts. Probable Mesoproterozoic sources within South Africa are the 
Areacheap Terrane and Kheis sub-province, located further to the east at the Kalahari 
Craton (Elington, 2006). 
The subordinate peaks at 731 and 818 Ma could be linked to rhyolites of the 
Damara and Gariep Belts, which are related to the rifling of Rodinia supercontinent 
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(Hoffman et al., 1996; Frimmel and Foiling, 2004). The late Neoproterozoic peaks 
(569, 626, 592 and 547 Ma) are probably related to the emplacement of syntectonic 
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Fig. 9. Detrital zircon age spectra and relative age-probability curves for (a) Haribes and (b) Rosenhof 
Members. Note that the prominent zircon populations correspond to the Neoproterozoic and 
Mesoproterozoic ages. 
granites in the Central Zone of the Damara Belt (Kroner, 1982; Miller, 1983). 
Nevertheless, a provenance from the Gariep Belt following the model proposed by 
Basei et al. (2005) could not be discarded yet, and will be discussed later in section 2.7. 
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2.6.3 Heavy mineral analyses 
The study of the heavy mineral fraction of clastic sediments is a useful tool to 
understand the nature of their source (e.g. Morton, 1984, 1985, 1991; Mange-Rajetzky, 
1995; Preston et al., 2002). Single grain chemical analysis helps in not only the 
identification and sub-classification of certain minerals species, but also assists in the 
characterisation of the parental rock (Morton, 1985; Preston et al., 2002). In this 
section, heavy minerals of Group 3 were selected for analyses due to their variety and 
the high concentration of mineral species. 
Garnet 
Garnet is the most abundant transparent heavy mineral in black sands of the 
Haribes and Rosenhof Members. It usually represents more than 30% of the total black 
sand heavy mineral content (Table 1). This mineral is relatively stable during 
diagenesis, although dissolution pattern textures are common if buried more than 2 km 
(Morton, 1984; 1985). Low-Ca garnet is more stable than high-Ca garnets, particularly 
if the sediments are flushed with acidic groundwater (Morton, 1984). The presence of 
detrital apatite (Fig. 5g), which is typically less stable than garnet, suggests that the 
garnet assemblage is most probably unaffected by alteration (Morton, 1984). The 
composition of garnet not only depends on the bulk composition of the host rock, but it 
also varies depending on the pressure and temperature conditions during crystallization. 
Studies of almandine garnet (Fe-rich) demonstrated that the Mg/Fe ratio increases 
systematically with increasing metamorphic grade (Kamineni, 1976). Apparently, with 
the rise in metamorphic grade, MnO in garnet is replaced first by FeO and later by 
MgO. This substitution is possible because the molar volume of the crystalline structure 
of garnet decreases with increasing metamorphism (Miyashiro, 1978). This implies a 
decrease in radii of the divalent cation positions in the garnet lattice (Mn 2+=0.91 A, 
Fe2+=0.83 A, Mg2+=0.78 A). Predominance of the pyrope end-member (Mg-rich) 
indicates high-grade metamorphic conditions (granulite facies) or a mantle source 
(Miyashiro, 1978). Therefore the most common occurrence of almandine garnet in 
crustal rocks take place in medium to high-grade metapelites and metabasites (Schulze, 
2003), but they also rarely appears in granites, and granitic pegmatites. Chemical 
compositions of garnet of the Fish River Subgroup are plotted in figure 10a using 
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Fig. 10. (a) Garnet composition from the black sands (Haribes and Rosenhof Members), 
compared with the field obtained by Oliver (2001). T= Fe+Mn+Mg+Ca . 
(b) Garnet discrimination diagram, after Sturt (1961). 
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molecular values of Fe+Mn, Mg and Ca on the basis of 24 oxygens and are normalized 
to T= Fe+Mn+Mg+Ca (after Droop and Harte, 1995 and Oliver, 2001). The diagram 
clearly shows the almandine-rich nature of garnets from the Haribes and Rosenhof 
Members (Table 1 of Appendix 3) and suggests that they were derived from low to 
high-grade metapelites. A granitic or pegmatitic source for garnets of the Haribes and 
Rosenhof Members can be discarded because garnets from the black sands do not show 
high proportion of the spessartite component (MnO) (Appendix 3). Other sources with 
garnets generated under blueschist metamorphism (subduction zones), and garnets 
derived from mantle pyroxenites can also be excluded. 
The concentration of CaO+MnO versus FeO+MgO is a sensitive indicator of the 
metamorphic grade for the garnet-bearing host rock (Sturt, 1961). Garnets from 
greenschist-facies rocks (biotite grade) are rich in CaO+MnO and poor in FeO+MgO 
(Fig. 10b). The FeO+MgO content of garnets steadily increase through the lower and 
middle subfacies of the almandine-amphibolite facies (garnet, staurolite and kyanite 
grades), and reaches maximum values in sillimanite-almandine subfacies of the 
almandine—amphibolite facies (sillimanite grade) and in the granulites facies (Sturt, 
1961). Plotting CaO+MnO against FeO+MgO, three groups of garnets reflecting lower 
and upper amphibolite grades are displayed (Fig. 10b). 
Fe-Ti oxides 
According to Grisby (1989), it is possible to separate different source rock types 
using the Mg0/(Mg0+A1203) versus Ti02+V205 plot of detrital magnetite. The data 
point to felsic magmatic and mafic metamorphic sources for detrital Fe-Ti oxides 
depleted in Ti02+V205 (Fig. 11). Other magnetite grains display a large scatter with 
variable Mg, Al, Ti and V concentrations, most probably affected by weathering or 
derived from intermediate volcanic and mafic plutonic sources. Textural studies of 
detrital Fe-Ti oxide minerals can be helpful in deciphering the provenance, as almost 
all intergrowth textures in Fe-Ti oxide minerals are true exsolution or oxidation 
"exsolution", and are therefore products of subsolidus reactions (Basu and Molinaroli, 
1988). Igneous rocks cool through large ranges of temperature and oxygen fugacities 
and therefore, have a higher number of nucleation sites than do metamorphic rocks 
(Basu and Molinaroli, 1988). Thus, thin intergrowth lamellae in Fe-Ti oxide minerals 
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Fig. 11. Discrimination diagram for magnetite of the Haribes and Rosenhof Members (after 
Grisby, 1989). 
The results point to a dominant metamorphic provenance over a plutonic one, as 
27.8% of the grains show no exolution and 33.9% of the grains comprise lamellae with 
widths between 2 and 10 1.tm, which are too thick to be of plutonic origin (Basu and 
Molinari, 1988; Table 5 of Appendix 3). Hence, two third of the magnetites were most 
likely derived from metamorphic sources. 
Epidote 
The epidotes of the black sands contains FeOt (9-14 wt%), A120 3 (21-24 wt%), 
MnO (up to 0.44 wt%), TiO2 (up to 0.26 wt%) and Cr2O3 (upto 0.19 wt%) (Table 4 of 
Appendix 3). The most common source rocks for Fe-rich epidotes are metabasites 
formed under greenschist to amphibolite facies conditions, but they are absent in 
granulite facies rocks (Franz and Liebscher, 2004). Miyashiro and Seki (1958) 
suggested that epidote grown in very low-grade metamorphic rocks (prehnite- 
"Black Sands" provenance 	 50 
pumpellyite facies) display Fe 3+/(Al+Fe3+) ratios around 0.33 and the compositional 
range is larger with increasing temperature. Following the scheme of Miyashiro and 
Seki (1958) the Fe3+/(Al+Fe 3+) ratios was calculated, obtaining values between 0.22 to 
0.34 (n=18) with an average value of 0.28, suggesting a derivation from greenschist to 
lower amphibolite facies metamorphic rocks (Table 4 of Appendix 3). 
Rutile 
Rutile is one of the most stable heavy minerals during sedimentary and post-
sedimentary processes (Morton and Hallsworth, 1999). This mineral gives information 
regarding its source, even in extremely mature sediments and after burial to significant 
depth. The majority of detrital rutile is derived from medium to high grade 
metamorphic rocks and recycled sedimentary rocks, and is virtually absent as crystals 
larger than 40 gm in low-grade metamorphic or igneous rocks (Force, 1980, 1991). 
Whereas zircon generally survives the rock cycle from sedimentary to high-grade 
metamorphic and often even magmatic processes, rutile breakdown occurs at lower 
greenschist facies conditions and forms again under upper amphibolite facies 
conditions (Zack et al., 2004). Increasing pressure generally favours the formation of 
rutile, and consequently rutile occurs in blueschist and eclogite facies rocks. Thus, 
detrital rutile derives mostly from medium to high-grade metamorphic source rocks 
(Zack et al., 2004). The protolith of the source rock can be determined using Nb and Cr 
concentrations in rutile, because the most important source rocks for rutile are 
metapelites and metabasites, which imprint a distinct Nb and Cr signature (Zack et al., 
2004). 
Rutile strongly partitions Nb and concentrates more than 90% of the available Nb 
and Ti budget in a given rock. However, Cr is more or less equally distributed in the 
minerals of most metamorphic rocks, and the Cr source is therefore mirrored as well in 
rutile. Detrital rutile from the black sands (Group 3) display Cr values between 70 and 
2850 ppm and Nb values between 80 and 4500 ppm (Table 3 of Appendix 3). The plot 
of Nb against Cr (Fig. 12) reveals distinction between the fields of mafic and 
metapelitic rocks (Zack et al., 2002, 2004). Rutile from metapelitic rocks is relatively 
rich in Nb and depleted in Cr, where as those from mafic rocks will be enriched in Cr 
but depleted in Nb. The measured rutile concentrations show rather a spread than a 
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distinct clustering, but obviously numerous samples are derived from mafic rocks while 
others from metapelitic rocks (Fig. 12). 
Rutile from 
mafic rocks 
0 
300() 	 5000 
Nb (ppm) 
Fig. 12. Nb vs. Cr diagram for rutile from the Haribes and Rosenhof Members to define the 
protolith, after Zack et al. (2004). 
Zircon 
According to Corfu et al. (2003) and other workers, the study of the 
morphology and the observation of the internal textures in zircon (using 
cathodoluminescence) can help to identify different source rocks. The internal texture 
characterization of zircons of the Haribes and Rosenhof Members (n=138) show the 
following results (Figs. 5j to 1): 64.4% are igneous or metamorphic (overprinted by 
zones of recrystallization or new growth), 21% preserve igneous oscillatory zoning 
with metamorphic or late magmatic rims, and only 14% are igneous without external 
metamorphic or late magmatic rims. 
Chromian spinel 
The chemical composition of the chromian spinel is one of the most powerful 
tools for the study of heavy minerals and their provenance. It can reflect several types 
of ultramafic and mafic rocks and can be an excellent indicator of the tectonic setting in 
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which the chromian spinel crystallized (e.g. Irvine, 1965, 1967; Evan and Frost, 1975; 
Dick and Bullen, 1984; Press, 1986; Sack and Ghiorso, 1991; Arai, 1992, 1994; 
Garzanti et al., 2000, 2003; Arai et al., 2006). 
Fig. 13. (a) TiO2 
 versus Cr# contents of spinels and tectonic setting discrimination plot, after 
Arai (1992). 
(b) A1203 versus TiO2 of chromian spinel in wt.% (after Kamenetsky et al., 2001). LIP: large 
igneous province; OIB: ocean island basalt; ARC: oceanic island arc; MORB: mid-ocean ridge 
basalt. SSZ: Supra-subduction zone. 
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In the studied chromian spinels, the Cr2O 3 concentrations range from 16.89 wt% 
to 63.08 wt%, and are negatively correlated with A1203 concentration, which varies 
between 6.12 wt % and 37.65 wt%. The FeO and MgO concentrations are also 
negatively correlated ranging from 18.25-26.70 wt% and 4.45-8.87 wt% with respect to 
A1203, respectively (Appendix 3). MnO is lower than 0.6 wt% and ZnO ranges between 
0.15 and 2.26 wt%. The Fe2O3 concentrations reach up to 11.17 wt%. The Cr/(Cr+Al) 
ratios (Cr#) show two groupings, with averages of 0.8 and 0.3. The Mg/(Mg+Fe 2+) 
ratios (Mg#) range from 0.25 to 0.55. Fe 3+/(Fe3++A1+Cr) ratios are less than 1.5 (Table 
2 of Appendix 3). Figure 13a adapted from Arai (1992) is based in the fact that 
diffusivity of Ti and Cr through olivine is low (Scowen et al., 1991), and the content of 
TiO2 in volcanic spinels increase from boninites and island arc basalts to intraplate 
basalts through MORB and back-arc basin basalts. The chromian spinels show in figure 
13a exhibit characteristics of MORB and boninitic magma. One grain from the Haribes 
and Rosenhof Members plot outs of any discrimination field, and seems to be disturbed 
due to strong enrichement in TiO2, probably related to alteration. The origin of the 
chromian spinels can also be constrained by plotting in a binary diagram of A1203 
versus TiO2 (Fig. 13b), according to Kamenetsky et al. (2001). One group of spinels 
from the Haribes/Rosenhof Members shows rather low Al2O3 and TiO2, plotting in the 
fields of island arc magmas. It is also possible to discriminate between lower-Ti 
(boninites and tholeiites) and higher-Ti (calc-alkaline and high-K) island-arc series 
(Kamenetsky et al., 2001). The second group of spinels of the Haribes/Rosenhof 
Members show high Al2O3 contents plotting in the field of MORB or MORB-type 
back-arc rocks. The latter group of spinels have Zn concentrations between 1 and 2%. 
The addition of Zn is secondary in origin, introduced by metamorphism or alteration in 
the source area (Barnes, 2000; Barnes and Roeders, 2001). 
Titanite 
Detrital titanite from the black sands show the following chemical composition: 
SiO2 between 21.4 and 30.25 wt%; FeO (total Fe) up to 7.4 wt%; A1203 between 0.8 
and 4.9 wt%; TiO2 between 34.7 and 49.5 wt%; and CaO from 19.4 to 27.7 wt % 
(Table 6 of Appendix 3). Titanite is a labile mineral, and therefore its source is 
relatively closely related to the depositional area (Mange and Maurer, 1992). 
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Fig. 14. Discrimination diagram for titanites, after Asiedu et al. (2000). Note that 
Ti+Fe(tot)+A1=100% 
It is an accessory mineral in igneous rocks, especially in intermediate and acidic 
plutonic rocks, and is the dominant titanium-bearing mineral containing appreciable 
amounts of Fe, Al and REE (Deer et al., 1992). In mafic and ultramafic rocks, titanite is 
closest to the theoretical CaTiSiO 5 composition. In metamorphic rocks, titanite occurs 
in gneisses and schists rich in ferromagnesian minerals and is common in 
metamorphosed, impure calc-silicate rocks and skarns which are characterized by 
higher Al contents (up to 10 wt%) and variable REE and Y contents (Fleisher and 
Altsculer, 1969). According to the diagram proposed by Asiedu et al. (2000), the 
studied titanites fall in the igneous field (Fig. 14). The group which show high major 
element totals (between 95-100%, see Appendix 3) in the analyses must indicate very 
low concentration of REE in the titanite. This may suggest that the titanites of the latter 
group were most likely derived from mafic igneous rocks because they are close to the 
theoretical composition (Asiedu et al., 2000). 
2.6.4 Whole rock geochemistry 
Trace elements such as the high field strength elements Th, Sc and Zr and REE 
are particularly useful for provenance analyses, as they are insoluble and usually 
immobile under surface conditions, thus preserving characteristics of the source rocks 
in the sedimentary record (e.g. Taylor and McLennan, 1985; Bhatia and Crook, 1986; 
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Fig. 15. Th/Sc vs. Zr/Sc diagram after McLennan et al. (1990) to demonstrate the addition of heavy 
minerals in Group 3 and the change of provenance. Note that black filled symbols refer to the 
Rosenhof Member, and white symbols to the Haribes Member. 
McLennan et al., 1993; 2003). In this study, it is interesting to understand if sorting 
processes, which concentrated heavy minerals, have manipulated the provenance 
information given by the host rocks (Group 1), which not contain many heavy minerals. 
However, discrimination of provenance using major element ratios are not used 
because (i) of the high mobility of alkali elements and other major elements during 
diagenesis and weathering (e.g. Boles and Franks, 1979; Fedo et al., 1995), and (ii) 
popular provenance discrimination diagrams (e.g. Bhatia, 1983; Roser and Korsch, 
1986), were tested by Armstrong-Altrin and Verma (2005), and failed to reflect the 
correct tectonic setting on modern sediments. Th/Sc and Zr/Sc element ratios are 
considered as robust provenance indicators and can reveal a compositional 
heterogeneity in the source along a trend from mantle to upper continental crust 
compositions (McLennan et al., 1990; Fig. 15). 
Th/Sc ratios thereby indicate the magmatic fractionation in the source, where 
Zr/Sc ratios reflect a probable reworking or zircon addition (Fig. 15). All samples 
display a typical UCC composition. Samples of Group 1 show reflect the reworking of 
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Fig. 16. La/Th vs. Hf diagram (after Floyd and Leveridge, 1987) illustrating the radical change in 
provenance from a relatively unrecycled UCC to an extremely reworked sediment. Note that black 
filled symbols refer to the Rosenhof Member, and white symbols to the Haribes Member. 
the "host rock" typical for a foreland basin. The influence of heavy minerals shifts the 
Zr/Sc ratios to higher values in Group 2. Group 3 displays both increased Th/Sc and 
Zr/Sc ratios. 
Several authors (e.g. Bhatia, 1983; Bhatia and Crook, 1986; Floyd and 
Leveridge, 1987; McLennan et al., 1990, 1993) proposed that selected trace elements 
(La, Sc, Zr, Hf, Ti and Th) reflect the tectonic setting of the sedimentary mix. Samples 
of Group 3 are strongly enriched in all of the mentioned elements (Fig. 7). Figure 16 
shows that the enrichment of La and Th seems to be balanced as all samples plot nearly 
between 1.8 and 4, except one sample from Group 3 (03-403) and one from Group 1 
(03-392). Nevertheless, Hf and Zr concentrations are caused by zircon enrichment (see 
heavy mineral petrography). This addition changes the provenance from a relatively 
unrecycled UCC composition to rather extremely reworked sediments, although 
strongly reworked deposits rarely reach 20 ppm of Hf (e.g. McLennan et al., 1990, 
1993), typical for passive margins. Applying discrimination diagrams, which 
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Fig. 17. Ti/Zr vs. La/Sc diagram (after Bhatia and Crook, 1986) showing that all three groups have 
similar chemical characteristics comparable with foreland basin deposits from the literature (grey 
squared field; data from Bahlburg, 1998; Zimmermann and Bahlburg, 2003; Zimmermann, 2005). 
Only the 03-392 sample display typical ratios for passive margin deposits. Note that black filled 
symbols refer to the Rosenhof Member, and white symbols to the Haribes Member. See text for 
further discussion. 
reflects reworking by Hf or Zr enrichment seems to change the provenance signal for 
Group 3 from a setting where recycling exist but is not dominant, such as in a foreland 
basin (Figs. 15 and 16). 
In figure 17, the Ti/Zr ratio against the La/Sc ratio is applied. It is obvious that 
both ratios are rather homogeneous for all samples and therefore, the addition of Zr 
(caused by the enrichment in the mineral zircon) is balanced by the enrichment of Ti-
rich heavy minerals. Hence, in this plot Group 3 points to the same provenance as the 
host rock (Group 1) and as samples of Group 2, which are only slightly affected by the 
addition of heavy minerals. 
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Heavy minerals enriched in Zr and Ti, are mainly zircon, rutile, Ti-Fe oxide, 
titanite and partly epidote. The host rock (Group 1) is slightly depleted in most of the 
trace elements compared with UCC (Fig. 7; Table 2), with average Ti and Zr 
concentrations of 2218 ppm and 173 ppm respectively. Group 3 ("black sands") 
comprise average Ti concentrations of about 58871 ppm and Zr abundances of about 
4421 ppm. Both elements are nearly 26x enriched in the black sands in relation to their 
host rocks. This constant enrichment points to relatively stable transport conditions, 
which could be reflected in a selection controlled by specific densities of the heavy 
minerals. A higher density of almandine (4.3 g/cm 3) compared with specific density of 
pyrope, grossular, andradite and uwarowite (-3.6 g/cm 3) could explain their modal 
abundance in the black sands. However, a source dominated by almandine is a 
preferable explanation because, (i) other heavy minerals with lower specific densities 
commonly occur, (ii) the heavy mineral population of the host rock is also dominated 
by almandine garnet and (iii) almandine is in general the most abundant type of garnet. 
Furthermore, epidote and titanite are relatively abundant and both have specific 
densities between 3.2 to 3.6 g/cm 3 , while all other heavy minerals have specific 
densities between 4.2 g/cm 3 and 4.8 g/cm3 , with magnetite being heavier (5.2 g/cm 3 ). 
2.7 DISCUSSION 
2.7.1 Geochemistry and heavy mineral composition 
The light/felsic mineral composition of the host rock (Group 1) and of the 
sandstones intercalated with the black sands is similar. The dominance of K-feldspar 
over plagioclase and quartz abundances point to mainly felsic sources. Since the quartz 
population comprise low abundances of polycrystalline quartz and scarce quartzite 
lithoclasts, strong reworking processes or a single felsic source can be deduced. 
If the feldspars and quartz grains were derived from the same source area, then the 
transport cannot have been too long, although contents of 30-40% feldspar are still 
compatible with reworking (McLennan et al., 1990). However, abundance of fragile 
lithoclasts of a volcanic origin (chlorite-, clay mineral-rich and serpentinite grains) are 
generally absent in settings were reworking is the dominant process (e.g. Dickinson et 
al., 1983; McLennan et al., 1990). The occurrence of several fragile heavy minerals 
such as epidote and titanite suggests a source that is not reworked. Epidote and titanite 
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Fig. 18. Compilation of different source rocks for the Haribes and Rosenhof Members. 
could not have undergone the same selection process as the other abundant heavy 
minerals, as their specific densities are lower. The chemistry of epidote and titanite 
points to felsic and mafic plutonic rocks and to a low-grade metamorphic source (Fig. 
18). Thus, fragile mafic lithoclasts and epidote as well as titanite are derived from 
closely related source rocks. 
Geochemical proxies, applied to the entire succession, showed that both major 
and trace elements are strongly affected by the addition of heavy minerals. 
Th/U ratios can quantify reworking and therefore indirectly point to weathering 
during sedimentary processes or in the source rocks. However, figure 6 demonstrates 
the effect of heavy mineral addition as the samples affected by the addition of heavy 
minerals (Groups 2 and 3) display a different trend than the host rocks (Group 1). 
However, Zr/Ti ratios are rather constant throughout the samples. Geochemical 
analyses of Groups 1 and 2 point to a typical UCC composition. REE element patterns 
are PAAS-like and reflect a dominant UCC composition of the detrital record. 
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Table 2. Mixing example for the heavy mineral fraction. 
zircon* garnet* epidote* allanite* 	 titanite* ruffle** REE N ' 
	 REEN2 ay. Group 3 
11.1 55.56 11.1 0.01-0.25 11.1 11.1 
La 6.12 
Ce 42.30 20.00 152.00 66560 3305 4.52 1183.1 2156.8 514.0 
Pr 
Nd 14.90 15.00 58.20 16060 2680 17.60 692.7 1009.0 284.0 
Sm 5.40 15.10 9.45 1260 655 41.90 438.3 514.7 164.0 
Eu 1.27 1.42 3.38 133 165 9.60 254.6 276.1 46.8 
Gd 17.40 53.60 8.15 460 564 31.00 339.0 360.0 113.4 
Tb 
Dy 56.90 122.00 5.67 118 470 0.01 336.5 340.8 91.4 
Ho 
Er 116.00 77.90 2.69 29 237 10.90 338.5 340.1 86.4 
Tm 
Yb 253.00 70.30 2.10 17 207 26.40 376.9 377.9 87.0 
CeN/YbN 0.17 0.28 72.38 3825 16 0.17 3.1 5.7 5.9 
Note that only 0.25% of allanite form part of the input of HREE enriched phases like garnet, 
zircon and titanite for the Ce N/YbN ratio to be similar as the average of Group 3 (from Table 1). 
refers to 0.01% input of allanite; 2 refers to 0.25% input of allanite; * data from Taylor and 
McLennan (1985); ** data from Foley et al. (2000). 
However, mafic components usually do not contribute a high amount of REE to the 
total REE budget and could be easily overseen or masked by the input of REE enriched 
phases such as monazite, zircon and garnet. REE analyses in rocks with a significant 
amount of UCC material are therefore not the ideal tool to decipher less fractionated 
source components. Despite the radical changes in the mineralogical composition from 
Group 1 to Group 3, their REE patterns are also typical of the UCC composition (Fig. 
8a). The addition of zircon and garnet produced a slight imbalance of the HREE to 
LREE ratio of Group 3, with a trend to slightly lower LaN/YbN values (Table 1 of 
Appendix 6). However, Group 3 displays a stronger negative Eu-anomaly (Figs. 8a and 
b; Table 2). This can be explained by the absence of feldspar and a strong enrichment 
in LREE and HREE, because the addition of heavy minerals has not increased the Eu 
content. Nevertheless, Group 3 is up to 9x enriched in REE than PAAS. Figures 15 and 
16 demonstrate frequently used and controlled provenance diagrams for elastic rocks. 
Those which use ratios between trace elements that are affected by sorting (for instance 
Zr) and trace elements not affected by the addition of heavy minerals (e.g. Sc) point to 
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a strongly reworked sedimentary rock, thereby erroneously indicating a passive margin 
setting (Figs. 16 and 17). In figure 18 the effect of sorting seems to be balanced, as Ti 
and Zr are similarly enriched, pointing to an active continental margin. The La/Sc ratio 
(Fig. 17) is rather homogeneous for all sample analyzed in this study. The geochemistry 
of the host rocks and black sands (Group 3) mask the influence of a mafic component 
(deduced by the presence of chromian spinel, epidote and mafic lithoclast) as the latter 
do not contribute as much as the felsic rock. 
In figure 7 it is shown that, almost all compatible elements (V, Co, Sc, Ti, Nb, 
Ta) are strongly enriched in Group 3 and moderately in Group 2. Such enrichments 
take place only in close proximities to ophiolites or if sediments are deposited on 
oceanic crust (e.g. Hiscott, 1984, 1988). Detailed heavy mineral analyses and the study 
of chemistry of the different heavy mineral grains revealed varieties in the source 
rocks, which are not evident through host rock petrography and whole-rock 
geochemistry (Abre et al., 2006). 
In figure 18, the deciphered sources for Group 3 are listed, combining light and 
heavy mineral petrography and chemistry. Therefore, a variety of mafic sources 
influenced the detrital record of the Haribes and Rosenhof Members, deposited in a 
sedimentary environment where reworking was possible, but not dominant, as fragile 
grains are preserved as well. 
2.7.2 Tectonic setting and sources 
The variety of source areas demonstrated above is not easily explained with 
respect to tectonic setting. For example, in arc-related environments a variety of 
different low to high-grade metamorphic rocks are rarely exposed. Detailed 
sedimentological studies (Germs, 1983) supported by provenance studies (Chapters 3 
and 4) could reveal that the Nama basin is the adjacent peripheral foreland basin to the 
Damara and Gariep Belts, which resulted from the collision of Congo, Kalahari and Rio 
de la Plata Cratons (Germs, 1983; Germs, 1995; Frimmel and Frank, 1998). 
The important Neoproterozoic zircon population from the Haribes and Rosenhof 
Members indicate that exhumed supracrustal metamorphic and granitic rocks could 
have been exposed and acted as sources for the upper Fish River Subgroup. As the 
palaeocurrents point to a sediment transport directly from the north (Germs, 1983), the 
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obtained Neoproterozoic zircon peaks (569, 626, 592 and 547 Ma; Fig. 9) are probably 
related to the syn-tectonic granites of the southern Central Zone in the Damara Belt 
(Figs. 1 and 19). Granitic plutonism in the Damara Belt is recorded over a period of at 
least 150 Ma between —620 and —470 Ma (e.g. Kroner 1983; Gray et al., 2006). A U-Pb 
zircon age of 549 +11 Ma for the Stinkbank granite near Usakos (Figs. 1 and 19), 
obtained by Johnson et al. (2006), is probably a source candidate for the youngest 
zircon population. The exact timing of metamorphism, deformation, exhumation and 
thrusting in the Damara Orogeny is debated. Recently, Gray et al. (2006) presented a 
compilation of new isotopic data and suggest that the peak of regional metamorphism 
for the southern foreland of the Damara Belt occurred between 580 and 545 Ma (Figs. 
1 and 19). In the Central Zone, according to Jung et al. (2000) and Jung and Mezger 
(2003), the peak of metamorphism occurred between 540 and 504 Ma (with thermal 
pulses at —540 to —530 and —525 to —504 Ma), and the emplacement of syntectonic 
granitoids occurred between 650 to 620 Ma (Kroner, 1982). Peak metamorphism in the 
Northern Zone and Southern Zone took place after the deposition of the preserved 
upper Nama Group succession (-525 Ma). Therefore, the oceanic crust which divided 
the Kalahari and Congo Cratons represented by the Khomas Sea was finally closed 
probably at 550-540 Ma (Gray et al., 2006 and reference therein). Earliest thrusting at 
the southern margin of the Khomas Sea is tentatively interpreted as between 580 and 
550 Ma. 
The Southern Marginal Zone (SMZ, Figs. 1 and 19; Miller, 1983) or Hakos 
terrane (Hoffman, 1994) of the Damara Belt was thrusted and folded in nappe 
structures with a southwest vergence. This rock package, which comprises Pre-
Damaran rocks and the Damara Sequence, is composed of metasedimentary rocks and 
amphibolites, which underwent high-pressure and low-temperature metamorphism 
from greenschist to upper amphibolite facies. Garnet-bearing metapelites are common 
in the Swakop Group (Kuiseb Formation). Kukla (1993) interpreted the regional peak 
of metamorphism of the Kuiseb Schist between 520 and 505 Ma based on U-Pb dating 
of monazites. The late Neproterozoic zircon peaks obtained for the upper Nama Group 
and the facies analyses made by Germs (1983) demonstrated the abrupt increase of 
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sediment influx when the Nomtsas Formation was deposited. Crustal thickening in the 
Damara Belt must have occurred approximately at ca. 539 Ma (Grotzinger et al., 1995), 
when the unrecycled sediments of the Nomtsas Formation were deposited (Chapter 4). 
The Central Zone, Southern Zone and Southern Marginal Zone (Fig. 19) were exposed 
to erosion since the beginning of deposition of the Nomtsas Formation. Thus, the 
Kuiseb Formation (schists) probably reached their metamorphic peak before the age 
proposed by Kukla (1993), because it acted as a source of the upper Nama Group. 
The Pre-Damaran metamorphic units consist of the Rehobot Sequence (1.8-2.0 
Ga), the Alberta Complex (Becker and Brandenburg, 2002), Palaeoproterozoic (e.g. 
Hohewarte Complex), and Mesoproterozoic rocks (e.g. Gamsberg granite suite) which 
formed the Rehobot Basement Inlier (Figs. 1 and 19; RBI, Becker et al., 2006). The 
Sinclair Group (1.2-1.0 Ga) and associated granites overthrust the Damara Sequence 
and the lower Nama Group (Becker et al., 2006). The sources for the different detrital 
heavy minerals are most probably the exhumed metamorphic rocks of the Damara Belt. 
For example, chemical comparison between garnets from pelitic schist of the 
Neoproterozoic Chuos Formation in the Central Zone (Nex et al., 2001) show a 
compelling similarity to low-Ca almandine from the Haribes and Rosenhof Members 
(Table 1 of Appendix 3). Metamorphic magnetites could have been derived from the 
mafic rocks of the Damara Belt, such as the amphibolites of the Southern Marginal 
Zone. However, they could as well be derived from the iron formations exposed in the 
Chuos Formation of the Central and Southern Zones (Breitkopf and Maiden, 1987). 
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Rounded rutile grains suggest several recycling events and a derivation from mafic and 
felsic source rocks located relatively far away. 
Although it was probably not a source, the Alberta Complex is the most 
prominent mafic and ultramafic Early Mesoproterozoic intrusion in the pre-Damara 
Rehobot basement (Becker and Brandenburg, 2002). The mafic intrusions are 
characterized by chromian spinels enriched in Fe 3+ and TiO2 (Dick and Bullen, 1984), 
unlike the ones found in the Haribes and Rosenhof Members which show chemical 
compositions typical of MORB and volcanic arc settings (Fig. 11). 
Mafic and ultramafic rocks (serpentinite, chlorite-schist and amphibolite) are 
reported from the Southern Marginal Zone (Kasch, 1983a-b), and interpreted as 
disrupted relicts of an ophiolite representing the suture of an continent-continent 
collision. The Matchless amphibolite (350 km long and up to 3 km wide; Fig. 19) 
comprises deformed tholeiitic oceanic metabasalt with MORB affinity (Finnemore, 
1978; Breitkopf and Maiden, 1987). Local sources for the Haribes and Rosenhof 
Members are considered to be of (meta-) volcanic nature (chlorite- and clay mineral-
rich lithoclasts) and felsic composition (titanite, monazite). 
Metamorphosed mafic volcanic rocks occur in Palaeoproterozoic rocks of the 
Nuos Formation of the Orange River Group, at the boundary between Namibia and 
South Africa and towards the south of the present study area (Becker et al., 2006). 
Because, the palaeocurrents point to a southward transport of detrital material and only 
one Palaeoproterozoic zircon was obtained, the former source can most likely be 
discarded. 
Towards the north, the basement of Mesoproterozoic age in the Damara Belt (e.g. 
Rehobot Basament Inlier) was exposed probably during the Lower Cambrian, and is a 
source candidate as palaeocurrents point to this direction (Germs, 1983; Gresse and 
Germs, 1993). The Gamsberg Granite Suite intruded the RBI, and yielded U-Pb ages 
between 930 and 1218 Ma (Becker et al., 2005 and reference therein), representing 
continuous Mesoproterozoic plutonism, and which probably was an important zircon 
source for the upper Fish River Subgroup. 
In close vicinity to the Haribes/Rosenhof Members, the outcrops of 
Mesoproterozoic metavolcanic rocks in the Karas Mountains (Fig. 2) have been 
recently dated by Evans et al. (2007), yielding a U-Pb SHRIMP age of 1286 ±7 Ma. 
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However, the obtained zircons for the Haribes and Rosenhof Members are at least 100 
Ma younger. 
Palaeocurrents are from the west for the Breckhorn and Stockdale Formations 
from the lower Fish River Subgroup (Germs, 1983; Fig. 2). The possibility of 
reworking of the former units into the Haribes Member implies a source located at the 
Gariep Belt. Detrital zircon dating discussed in Chapter 4 of the Wasserfall Member 
(Stockdale Formation), south of the Osis Ridge (Fig. 1) indicate a predominance of 
Neoproterozoic-Lower Cambrian zircon ages (86%). Furthermore, the maximum 
deposition age is constrained by the youngest analyzed zircon at 531 ±9 Ma. For lower 
Fish River Subgroup, the Neoproterozoic source could be traced to the Gariep Belt and 
the Pelotas-Aigua Batholiths (Dom Feliciano Belt or Cuchilla Dionisio Pelotas 
Terrane) in South America (ca. 550-650 Ma, Silva et al., 2005). Therefore, the Damara 
Belt and locally exposed rocks seem to be the primary sources for the entire detrital 
record of the Haribes and Rosenhof Members, because the palaeocurrents pattern 
points to sources directly from the north when the foreland basin was overfilled (Figs. 
1, 3 and 19). 
2.8 CONCLUDING REMARKS 
The high concentration of euhedral almandine garnet grains (among other heavy 
minerals) recorded in the analyzed "black sands" layers was a surprise, probably 
derived from meta-pelitic source rocks. Rocks, which contain a strongly enriched heavy 
mineral component, are not necessarily second-cycle derived, but can be controlled by 
a change in the hydrodynamic conditions on a smaller scale. 
The results of this study show that provenance studies on sandstones are enhanced 
by intensive petrography, a detailed geochemical study, and heavy mineral analyses. In 
this study, the addition of certain heavy minerals partly masks a significant 
geochemical provenance component. The supplement of trace elements such as Zr 
(zircon) and Ti (titanite and rutile) was balanced. The provenance inferred from the 
different discrimination plots used in this study shows that the Haribes and Rosenhof 
Members "host rock", formed from an upper continental crust composition that is 
relatively less affected by recycling. 
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Studies, which concentrate solely on zircon populations, for provenance purposes, 
can reveal in many cases no more than information about the felsic to intermediate 
component of the source terrane(s). Any mafic constituent is excluded by such 
restricted studies and could be detected by analyzing the geochemistry and heavy 
mineral content of the sedimentary units. However, the strong enrichment of zircons 
overprinted the influence of mafic sources, as evidenced while using provenance 
proxies such as Zr/Sc, Th/Sc, Ti/Zr and La/Zr. Absolute element concentrations of 
compatible elements like V, Co, Sc and Ti point to a significant influence of mafic 
sources, deciphered by intensive microprobe studies on chromian spinels, rutile, 
epidote, titanite and magnetite. 
The detrital record in the Fish River Subgroup of the Haribes and Rosenhof 
Member point to a complex source region composed of low to high-grade metamorphic 
rocks, magmatic rocks of felsic and mafic composition, and sedimentary rocks. This 
can best be explained by exhumation of deeper crustal levels during the continent-
continent collision between the Congo and Kalahari Cratons, which occurred at ca. 540 
Ma. The proposed tectonic setting of a peripheral foreland basin for the Lower 
Cambrian Fish River Subgroup in Namibia is confirmed. The detritus of the Haribes 
and Rosenhof Members were mainly fed from the Mesoproterozoic basements and the 
Neoproterozoic Damara Orogenic Belt, as suggested by the palaeocurrents (Germs, 
1983), heavy minerals analyses and U-Pb zircon ages. 
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CHAPTER 3 
CHEMICAL COMPOSITION AND TECTONIC SETTING 
OF CHROMIAN SPINELS FROM 
THE EDIACARAN-EARLY PALAEOZOIC NAMA GROUP, NAMIBIA 
ABSTRACT 
Petrographic and chemical characterization of chromian spinels from the lower and 
upper Schwarzrand Subgroups, and the upper Fish River Subgroup of the Ediacaran to 
early Palaeozoic Nama foreland basin in Namibia is used to infer the tectonic setting of 
source rocks and evaluate the geotectonic evolution of the Damara Orogen. Electron 
microprobe analysis of the Nama Group detrital chromian spinels show three groups of 
chromian spinels: (i) a group with Cr# [=Cr/(Cr+Al) atomic ratio] between 0.62 and 
0.75, and about 0.9% Ti0 2, which suggest derivation from a volcanic island arc 
(Niederhagen and Niep Members); (ii) a group with Cr# between 0.75 and 0.88, and 
TiO2 well below 0.4%, which could be associated with boninitic magmas 
(Niederhagen, Niep and Haribes/Rosenhof Members); (iii) a group which displays 
characteristics of a MORE protolith, with Cr# around 0.3 and TiO2 below 0.5% 
(Haribes and Rosenhof Members). Palaeocurrent analyses of the chromian spinel 
bearing sandstones of the Nama Basin point to a source area located in the Damara 
Belt. The chromian spinel petrography and chemistry do not match with a source from 
the Palaeo-Mesoproterozoic basement. Although a western provenance is not supported 
by palaeocurrents, the Gariep Belt probably acted as a source by reworking at the final 
stage of the "molasse" deposition of the Nama Group. Thus, the existing data favour a 
provenance from the Damara Orogen and indirectly support the different tectonic 
models, which argue for an active continental margin on the northern and western 
border of the Kalahari Craton. 
3.1 INTRODUCTION 
The Nama Group represents a major stratigraphic unit in southern Namibia and 
adjacent northwestern South Africa, extending for a distance of more than 1000 km 
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from the southern rim of the Damara Orogen to the Vanrhynsdorp area in the Northern 
Cape Province (Germs, 1983). The area in which the sediments of this unit were 
deposited covered more than 350000 km 2 and possesses an outcrop area of 
approximately 125000 km2 (Fig. 1). The Nama Basin is interpreted as the foreland 
basin of the Damara Orogen in the Kalahari Craton deposited between —550-530 Ma 
(Fig. 1; Germs, 1983, 1995; Grotzinger et al., 1998; Stanistreet et al., 1991; Frimmel 
and Frank, 1998, Saylor et al. 2005, Rino et al., 2008). The Damara Orogen includes 
the Kaoko, the Gariep and Damara Belts and is considered as a collisional triple 
junction with a complex deformational and metamorphic history (Fig. 2; e.g. Miller, 
1983; Germs, 1995; Frimmel and Frank, 1998). The in-land Damara Belt resulted from 
the collision between the Congo and Kalahari Cratons during Neoproterozoic to Lower 
Palaeozoic times after the closure of Khomas Sea (Figs. 1 and 2; e.g. Miller, 1983; 
Stanistreet et al., 1991). 
Recently, metamorphic ages from the Damara, Kaoko and Gariep Belts question 
the traditional orthogonal collisional hypothesis responsible of the final closure of the 
Adamastor Ocean (Gray et al. 2006; Goscombe and Gray, 2008; Vaughan and 
Pankhurst, 2008; Ngako et al., 2008.). These studies suggest a collisional scenario 
between the Rio de la Plata and the Kalahari-Congo Cratons dominated by thrusting 
and strike-slip movements (e.g. Puros Shear Zone and Sierra Ballena Cangucu Major 
Gercino Shear Zone), and is supported by provenance studies on sedimentary 
successions of the Rio de la Plata Craton which are correlatives in age with the Nama 
Group (Chapter 5; Gaucher et al., 2008c). The magmatic arc of this active margin is 
mainly represented by granitic magmatism of the Cuchilla Dionisio-Pelotas Terrane 
(Bossi and Gaucher, 2004, Basei et al., 2005), and those of the external branch of the 
Kaoko Belt (Fig. 1; Goscombe and Gray, 2008) which are recognized as a source for 
the Nama Group (Chapter 4). 
Due to their chemical and mechanical resistance, detrital chromian spinels are 
likely to preserve the compositional signature after burial in sedimentary strata, and has 
been widely used in provenance studies (Irvine, 1967; Evans and Frost, 1975; Dick and 
Bullen, 1984; Sack and Ghiorso, 1991; Arai, 1992; Cookenboo et al., 1997; Garzanti et 
al., 2000; Barnes and Roeders, 2001; Kamenetsky et al., 2001; Garzanti et al., 2002; 
Zhu et al., 2004). Here we use compositional analysis of detrital chromian spinels 
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occurring within the Nama Group to infer the tectonic setting of source rocks from 
which the detrital spinel grains were derived. The results are expected to further our 
understanding of the geodynamic environment of formation of the Nama group, and the 
geotectonic evolution of the Damara orogen during a major period of global tectonic 
activity. 
3.2 NAMA GROUP 
The Nama Group is divided into three distinct lithostratigraphic units, termed the 
Kuibis, Schwarzrand and Fish River Subgroups (South African Committee for 
Stratigraphy, 1980), and was accumulated in a braided fluvial to shallow marine 
environment (Germs, 1983). Passing up the stratigraphy, the reddish sediments of the 
fluvial braided river environment become more prevalent and the characteristic 
intercalated carbonates of the Kuibis and Schwarzrand Subgroups are absent (Germs, 
1983). Precise age constraints of the Nama Group are available in terms of radiometric 
data and palaeontological record (Germs, 1972a, b, c; Grotzinger et al., 1995), and are 
summarized in figure 3. During early Nama depositional times (the Kuibis and lower 
Schwarzrand Subgroups) the foreland basin consisted of three sub-basins (Zaris, 
Witputs and Vanrhynsdorp) separated by two forebulges: the Osis and Kamieskroon 
Arches which are located towards the north and south respectively (Germs, 1974; 
Germs, 1983; Fig. 2). The lower Nama Group received material predominantly from 
the eastern Kalahari Craton, although palaeocurrents changed during the deposition of 
the northern Nudaus Formation, when sedimentary transport took place from a north-
northwestern source in the Damara Belt (Fig. 3; Germs, 1983). During late Nama 
depositional times (upper Fish River Subgroup) the arches lost their importance and the 
detrital material was shed from northern sources into one major foreland basin (Germs 
and Gresse, 1991). The detrital material of the Stockdale and Breckhorn Formations of 
the basal Fish River Subgroup were supplied from the west, most probably from the 
Gariep Belt. 
3.3 SAMPLING AND ANALYTICAL TECHNIQUES 
Ten samples, from outcrops in the Niederhagen Member of the Nudaus Formation 
(lower Schwarzrand Subgroup), the Niep Member of the Nomtsas Formation (upper 
Chromian spinels provenance 	 72 
Schwarzrand Subgroup), and the Haribes and Rosenhof Members of the Fish River 
Subgroup (Figs. 2 and 3), were selected for heavy mineral analysis. The samples were 
prepared following the standard laboratory technique of Mange and Maurer (1992) (see 
Appendix 1). In order to recognize the mineralogical composition of the sandstones X-
ray diffraction (XRD) analyses were carried out using a Philips PW1729 automated 
powder diffractometer system with a PW1710 vertical goniometer. 
Quantitative chemical analyses of chromian spinels and pyroxenes were carried 
out with a Cameca 355 electron microprobe equipped with an Oxford link integrated 
WDS/EDS, set at a voltage of 15 kV. Beam current diameter microprobe was between 
8 to 10 microns; ZAF corrections were done according to standard procedures. The 
ferric iron content of each chromian spinel analysis was determined by assuming 
stoichiometry, and an ideal XY2O 4 formula, where X= (Fe 2+, Mn, Zn,V) and Y= (Cr, 
Fe3+, Al, Ti), according to standard procedure in microprobe analysis (Barnes and 
Roeder, 2001). 
3.4 SEDIMENTOLOGY AND PETROGRAPHY OF THE CHROMIAN 
SPINEL-BEARING UNITS 
Niederhagen Member 
The northern Niederhagen Member of the Nudaus Formation (lower 
Schwarzrand Subgroup) conformably overlies the Kuibis Subgroup (Fig. 3), and was 
deposited in a distal fluvial to shallow intertidal environment. Palaeocurrents are 
mainly from the north in the Niederhagen Member recording the first direction change, 
since the Kuibis Subgroup received sediment supply from the east (Germs, 1983). The 
sandstones of the Niederhagen Member are fine to medium grained, well-sorted and are 
mainly composed of quartzarenites and subfeldsarenites according to Folk et al. (1970). 
Rounded to well rounded monocrystalline quartz with straight extinction is the only 
quartz type, occupying 85-95% of the bulk volume. Very fine grained, subangular to 
rounded plagioclase (P) is the predominant feldspar (F) type (3-8% vol., P/F=1). Scarce 
lithic fragments are dominantly composed of mudstones. The clay matrix is composed 
of illite (less than 3% of the bulk volume), while the cement is composed of quartz 
overgrowth (2% vol.). 
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Fig. 4. Sandstone microphotographs of the studied members and chrome spinels under BSE: (a) 
Quartzarenite of the Niederhagen Member showing plagioclase (Pg) grains under crossed nicols (CN). 
(b) Subrounded chromian spinel from the Niederhagen Member. (c) Litharenite of the Niep Member 
showing a dominant population of metamorphic lithoclasts (Lm) and monocrystalline quartz grains 
(CN). (d) Pyroxene (Px) showing chromian spinel inclusion. (e) Black-sand layer showing high 
concentration of magnetite (Mg) and transparent heavy minerals such as rutile (Ru), epidote (Ep), 
garnet (Gr) and carbonate grains (Cc), (CN). (f) Detrital chromian spinel from the Haribes/Rosenhof 
members. Scale bars represent 200 gm for all the sandstones microphotographs (left side) and 80 gm 
for all BSE microphotographs (right side). 
Heavy minerals and detrital muscovite (1% vol.) constitute the accessory minerals. The 
recovered heavy mineral fraction contains magnetite, chromian spinel and zircon. The 
detrital chromian spinels of the Niederhagen Member are generally dark brown to 
nearly black in transmitted light. They generally have subhedral shapes, and are 
typically 70-200 gm across (Fig. 4b). The chromian spinels show no obvious sign of 
zoning and are homogenous based on SEM-BSE and EDS analyses. 
Niep Member 
The Niep Member represents the upper part of the Nomtsas Formation, which 
overlies the Urusis Formation by a regional scale unconformity (Germs, 1983; Fig 3). 
The sediments of the northern Nomtsas Formation are dominated by red beds deposited 
in a braided fluvial environment (Germs, 1983). They were supplied from a tectonic 
surface uplift event in the northern Damara Belt (Germs, 1983; Gresse and Germs, 
1993), approximately between 6 and 10 Ma years after the deposition of the 
Niederhagen Member (Grotzinger et al., 1995; Fig. 3). The sandstones collected from 
this member consist of very fine to fine grained, moderately well sorted feldspathic 
litharenites and litharenites according to Folk et al. (1970). Angular to subangular 
monocrystalline quartz is dominant (56-58% vol.), and shows undulose extinction (Fig. 
4c). Feldspar is subangular and fine grained (13-14% vol.), with albite being the 
dominant variety (P/F=0.9). Lithic metamorphic fragments (29-30% vol.) are 
composed of sericite and chlorite grains. The matrix is composed of illite (<3% vol.), 
while the cement is composed of quartz overgrowths and hematite grain coatings (1-3% 
vol.). Scarce sparry calcite was occasionally observed. 
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The transparent heavy mineral assemblage is similar in size to the lighter 
minerals, and EDS analyses demonstrate variable amounts of subangular zircon, 
rounded epidote, allanite, subangular sphene, angular pyroxene (Fig. 4d) and chromian 
spinel. The detrital chromian spinels from the Niep Member are generally dark red-
brown to nearly black in transmitted light. Some of them occur as octahedral inclusions 
within orthopyroxene and the grains are typically 30-60 gm across (Fig. 4d). Isolated 
chromian spinels also occur in octahedral and subhedral shapes, but are typically 70-
150 gm across. Grains are generally chemically homogeneous and show no obvious 
sign of zoning from SEM-BSE and EDS analyses. 
Haribes and Rosenhof Members 
The red beds of the Haribes Member (Fish River Subgroup) predominantly 
accumulated in a braided fluvial environment, and the detrital material was mainly 
transported from northwest to the southeast (Germs, 1983; Geyer, 2005). The overlying 
and interfingered Rosenhof Member usually contains a higher amount of mudrocks 
than the Haribes Member, and was deposited in a braided fluvial to shallow marine 
environment, as indicated by the occurrence of the trace fossils Treptichnus pedum and 
Skolithos (Germs, 1995). The sources of sediments deposited in the Rosenhof Member 
were located towards the northwest as well. The sandstones from both members are 
typically fme to medium grained, moderately well sorted feldsarenites according to 
Folk et al. (1970). Monocrystalline quartz is generally the most abundant quartz-type, 
however 30% of the total quartz is polycrystalline; both quartz-types are generally well 
rounded and comprise 53 to 60% of the bulk volume. The well-rounded feldspar 
population (28-35% vol.) is dominated by microcline and orthoclase, with plagioclase 
being subordinate (P/F=0.3). Locally, K-feldspar is partially altered to illite. Rounded 
fme to medium grained lithic fragments, mainly of sedimentary and metamorphic 
origin, are abundant (<10% vol.) and are composed of mudrocks and meta-quartzites. 
Lithoclasts composed only of chlorite and serpentinite with inclusions of opaque 
minerals are scarce, and probably are derived from mafic metamorphic rocks. 
Accessory minerals are composed of heavy minerals, detrital muscovite and biotite 
(1%, vol.). Detrital muscovite is quite abundant and large in size (< 3 mm), and has 
been bent and fractured during compaction. The cements are composed of secondary 
Chromian spinels provenance 	 77 
quartz overgrowths, with subordinate patches of sparry calcite. The matrix (<3% vol.), 
is composed of clay grain coatings of recrystallized chlorite/illite. 
The heavy mineral assemblage is smaller than the lighter minerals and consists of 
variable amounts of well-rounded zircon, epidote, sphene and garnet. Black sands 
occurring as thin layers (-1 cm) enriched in heavy minerals (Fig. 4e) are intercalated 
between the Haribes and Rosenhof Members (Blanco et al., 2006, Chapter 2). The 
detrital transparent heavy minerals are dominated by almandine garnet (>25% vol.), 
while the opaque heavy mineral fraction (30% vol.) is mainly composed of magnetite 
and titanomagnetite. Other heavy minerals include apatite, rutile, zircon, sphene, 
serpentine, chlorite, Cr-chlorite, Cr-spinel, kyanite, monazite, and tourmaline, together 
constituting —30% of the bulk volume. Detrital chromian spinels from the black sand 
layers were selected for analysis and are dominated by rounded elongated grains, 
typically 60 gm in length and 20 gm wide, and are nearly black in transmitted light. 
Large grains with angular shapes, 200 gm in diameter, and brown red under plane-
polarized light, were also observed (Fig. 4f). Grains margins commonly show 
conchoidal fractures, suggesting mechanical breakage. Grains are generally 
homogeneous and show no obvious sign of zoning under SEM-BSE and EDS analyses. 
3.5 CHEMISTRY OF THE CHROMIAN SPINELS AND PYROXENES 
In order to avoid alteration rims only the data from the cores were used for 
calculations, because they preserve the primary compositions for both in situ spinels 
and detrital chromian spinels (Arai et al., 2006). Detrital orthopyroxene from the 
sandstones of the Niep Member are also used as a complementary petrogenetic tool in 
this study. 
Detrital chromian spinels measured from the Niederhagen Member show minor 
variation in major elements concentrations (Table 6 of Appendix 3). Cr# [Cr/(Cr+A1)] 
range from between 0.62 and 0.77, while Fe 2+# [Fe2+/(Fe2++Mg)] is between 0.31 and 
0.82. Fe3+ concentration is consistently low (calculated by stoichiometry), with 
maximum Fe34-# [Fe341(Fe3++Cr+A1)] of 0.12. TiO2 concentrations are between 0.43 
and 1.37%. Interestingly, ZnO and V203 are enriched in some grains; up to 1.41 and 
1.09% respectively. Chemical variations from core to rim of a single grain are minor, 
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with no consistent trend. Irrespective of that, as mentioned earlier, only analyses from 
the cores of the chromian spinels were used for calculations. 
Chromian spinels from the Niep Member are relatively similar to those of the 
Niederhagen Member, with minor variations in their major element composition. Cr# is 
between 0.66 and 0.75 with two exceptional values of 0.80 and 0.81, while Fe 2±# is 
between 0.53 and 0.80. The grains with high Cr# have rather low Fe 2±#, with values 
down to 0.26. Fe3+ concentration is consistently low, with maximum Fe 3±# of 0.11. 
Core to rim variations are minor, with no consistent trend. TiO 2 concentrations vary 
between 0.08 and 1.18%, but mostly straddle around 0.9%. ZnO and V20 3 values are 
up to 1.18 and 0.80% respectively, which are comparable to those of chromian spinels 
from the Niep Member. 
Chromian spinels from the Haribes and Rosenhof Members show greater 
variation in major elements than chromian spinels of the Niep and Niederhagen 
Members. They can be divided in those with higher Cr# (0.75-0.87) and lower Cr# 
(0.25-0.32). The Fe 2+# in turn vary from 0.54 to 0.73, and Fe 3+ concentration is 
consistently low with a maximum Fe 3+# of 0.12. Maximum concentration of TiO2 
reaches 1.7%, but is mostly below 0.5%. ZnO and V20 3 are enriched in samples with 
low Cr# and show concentrations up to 2.2% and 0.93% respectively. Chemical 
variations from core to rim are minor, with no consistent trend. 
The rare finding of detrital orthopyroxene containing chromian spinels inclusions 
in the sandstones of the Niep Member is summarized in Table 7 of Appendix 3. 
According to Bonatti and Michael (1989), the A1 203 concentrations of orthopyroxene 
decrease from rift to subduction-related margins while the Mg/(Mg+Fe 2+) increases. 
3.6 PROVENANCE OF THE DETRITAL CHROMIAN SPINELS 
Chromian spinel is a common mineral in mafic and ultramafic rocks, and its 
chemical composition is known to be influenced by the plate tectonic setting (e.g. 
Irvine, 1967; Evans and Frost, 1975; Barnes and Roeder, 2001). For example the TiO2 
content of chromian spinel in volcanics is a good guide to magma species (island-arc, 
intraplate or mid-oceanic ridge). The use of chromian spinel chemistry as a 
petrogenetic indicator in mafic and ultramafic rocks has also been widely adopted in 
sediment provenance studies (e.g. Arai and Okada, 1991; Cookenboo et al., 1997; 
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Fig. 5. (a) Al -Fe3+-Cr trivalent diagram for chromian spinels of the Haribes/Rosenhof, Niep and 
Niederhagen Members. Selected contour lines of the different chromian spinels settings were taken 
from Barnes and Roeder (2001). The light-grey line encloses the 90% of the data for layered 
intrusions (90th percentile, LI). The dark-grey line encloses the 90 th percentile of the data for ophiolitic 
setting (Oph). Dotted lines represent the 90 th and 50th percentiles for island arc tholeitic setting (IAT). 
Hatched line represents the 90 th percentile for boninitic lavas (Bon). 
Diagram of TiO2 vs A1203 in percentage drawn after Kamenetsky et al. (2001). LIP: large igneous 
province; OIB: ocean island basalt; ARC: oceanic island arc; MORB: mid-ocean ridge basalt. Note 
that the data plot in the fields of MORB and some of the ARC field have very low TiO 2 concentration. 
TiO2 vs. Cr#—Cr/(Cr+Al) contents of spinels and tectonic setting discrimination plot after Arai 
(1992). 
Blanco et al., 2009). Comparison of detrital chromian spinel compositions with known 
compositional fields enables to determine the geodynamic processes responsible for 
mafic to ultramafic source rock formation. A ternary plot of the major trivalent cations 
(Cr3+, Al3+, Fe3±) is commonly used to distinguish between continental mafic intrusions 
and other igneous suites (Barnes and Roeder, 2001; Fig. 5a). 
The well established palaeocurrents in all three sampled successions point to a 
source located towards the north for the Niep and Haribes/Rosenhof Members and from 
the northwest for the Niederhagen Member (see Fig. 3; modified after Germs, 1983). 
The Alberta Complex is the most prominent mafic-ultramafic early Mesoproterozoic 
intrusion in the Rehobot pre-Damara basement (Becker and Brandenburg, 2002), 
although it was probably not a source. The mafic intrusions are characterized by 
chromian spinels enriched in Fe 3+ and TiO2 (Dick and Bullen, 1984), unlike the ones 
found in the Nama Group which show chemical compositions typical of MORB and 
volcanic arc settings (see below). 
Kamenetsky et al. (2001) demonstrated that increasing Al activity in the melt-
spinel system reduces the partitioning of Ti into spinel. It appears that TiO2 and A1203 
are negatively correlated in chromian spinels from MORB, but those with arc origins 
do not show such correlation. The relatively consistent provenance for the chromian 
spinels of the Niederhagen and Niep Members point to an arc derivation (Fig. 5b). The 
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chromian spinels of the Haribes and Rosenhof Members show two clusters. One cluster 
shows a large spread within the same discrimination field due to differences in TiO2, 
and therefore could be derived from MORB. The other cluster plots in the field of 
suprasubduction peridotites or modern back-arc settings (Kamenetsky et al., 2001). The 
grains of the group with MORB affinity contain high Zn concentrations (1 to 2%). 
Probably the addition of Zn is secondary in origin due to hydrothermal alteration and 
subsequent recrystallization under amphibolite facies in the host rock (Barnes, 2000). 
According to Kamenetsky et al. (2001), it is possible to discriminate between 
lower-Ti (boninites and tholeiites) and higher-Ti (calc-alkaline and high-K) island-arc 
series, reflected in the chromian spinel composition. Few chromian spinels from all 
members plot in the lower-Ti arc field, showing a suprasubduction zone affinity. 
Comparing the diagrams presented in figures 5a and 5b it is possible to observe a group 
of spinels from the Niederhagen, Niep and Haribes/Rosenhof Members, which show 
exceptionally high Cr#, low Fe 3+, exceptionally low Ti concentrations and are 
unaffected by metamorphism (no zoning and low Zn concentrations). All these 
characteristics are typical of spinels from boninites, and similar to the Cr-rich end 
member of island-arc tholeiites and komatiites (Barnes and Roeder, 2001). Figure 5c 
(after Arai, 1992) is based on the fact that diffusivity of Ti and Cr through olivine is 
low (Scowen et al., 1991), and that the TiO 2 content in volcanic spinel increases from 
boninites and island arc basalts to intraplate basalts through MORB and back-arc basin 
basalts. Those chromian spinels with very low-Ti concentrations (explained above) 
from the Niederhagen, Niep and Haribes/Rosenhof Members plot in the boninite field 
of figure 5c. Spinel from the Haribes/Rosenhof Members show MORB and boninitic 
characteristics (Figs. 5 and 6), despite the high Zn concentration of MORB spinels. The 
exhumation of the Matchless Amphibolites in the Southern Zone of the Damara Belt 
(Fig. 2) probably occurred at the time of deposition of the Haribes/Rosenhof Members 
and therefore acted as a source. The MORB composition of the Matchless 
Amphibolites (Finnemore, 1978; Breitkopf and Maiden, 1987) was interpreted in terms 
of both extrusive and intrusive mid-ocean ridge-type settings (Kash, 1983a, b; Miller, 
1983). However, chemical data of chromian spinels from the Matchless Amphibolites 
are not available in the literature for comparison. These mafic rocks could act as a 
source at the time of deposition of the upper Nama Group during the closure of the 
Chromian spinels provenance 	 82 
Khomas Sea, which occurred between ca. 550 and 504 Ma (Gray et al., 2006). A 
multiple source is deciphered from the petrographic and geochemical results of the 
Haribes/Rosenhof Members sandstones and the black sands (Chapter 2). A 
metamorphic granitic, mafic and metapelitic dominated source probably corresponded 
to the exhumation and erosion of deeper crustal levels in the Damara Belt. 
The fact that more than 90% of chromian spinels of the Niep and Niederhagen 
Members plot in the oceanic island arc basalt field and that the palaeocurrents are 
derived from the north, probably reflect the existence of an active magmatic arc in the 
Damara Belt during the Ediacaran-early Palaeozoic. Evidence for a syn-sedimentary 
volcanic arc setting is scarce; however De Kock (1991) described some examples of 
mafic and ultramafic dykes with a volcanic arc chemical composition in the Central 
Zone of the Damara Belt (Fig. 2). 
First-cycle detritus of the Niep Member is evidenced by the occurrence of easily 
weathered heavy minerals such as pyroxene, volcanic lithoclasts and by the euhedral 
characteristic of chromian spinels (Figs. 4c and d) indicating that the sources were 
relatively close to the depositional area and not affected by reworking. 
Notwithstanding, a metapelitic source was dominant as indicated by the petrography, 
and the predominance of detrital plagioclase over k-feldspar is probably indicative of a 
mantle (depleted) source component. 
In the case of chromian spinels from the Niederhagen Member, two probable 
sources should be considered: (1) the Sinclair Group of the Mesoproterozoic pre-
Damara basement and (2) mafic rocks from the Neoproterozoic Damara sequence. As 
the chromian spinels are well rounded and are hosted in a quartz-rich arenite, this may 
suggest reworking from both sources. If a high-grade pre-Damara basement is taken as 
the source of chromian spinels, the lack of metamorphic rims on the chromian spinels 
could be explained by abrasion due to reworking. However, the mineral chemistry of 
the Niederhagen Member chromian spinel is not indicative of high-grade 
metamorphism. The chromian spinels show similar chemical characteristics compared 
with un-metamorphosed chromian spinels of the Niep Member that are first-cycle 
derived (Fig. 5). Thus, a Neoproterozoic volcanic arc source from the Damara Belt is 
favoured. Note that the occurrence of detrital plagioclase is expected for supply from a 
depleted source and the quartzose nature of the Niederhagen Member sandstones could 
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be explained by local sedimentological conditions as it was deposited in a shallow 
intertidal environment (Germs, 1983). 
Bonatti and Michael (1989) show an inverse correlation between the Cr# in 
spinels and the A1203% content of orthopyroxenes from peridotites of pre-oceanic rift 
and oceanic to subduction-related active margin settings (Fig. 6). In the present study, 
the chromian spinel inclusions in the orthopyroxenes show Cr# above 0.6, which along 
with the low A1203 (below 1%) and 75 to 85% enstatite (MgO-rich) composition of 
orthopyroxene grains from the Niep Member support an interpretation of the host rock 
as originating in a subduction-related tectonic setting (Arai et al., 2007) (Fig. 6). Low 
A1203 abundance in island arc spinels may suggest that their parental magma was also 
Mg-rich, having formed at elevated temperatures (Kamenetsky et al., 2001). 
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Fig. 6. Orthopyroxene A1203% vs. 100Cr/(Cr+Al) (after Bonatti and Michael, 1989) of the Niep 
Member chromian spinels. Both mineral phases occurred together characterizing rocks from 
different tectonic settings. Grey fields represent the compositional range for the spinels and the 
pyroxenes analyzed in this study. 
3.7 GEOTECTONIC IMPLICATIONS 
Syn-orogenic sedimentation in the northern Zaris sub-basin of the Nama Group 
began with the deposition of predominantly shallow marine sediments of the Kuibis 
Subgroup around 550 Ma, continued with the deposition of ca. 540 Ma siliciclastic 
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fluvial sediments of the Nomtsas Formation of the upper Schwarzrand Subgroup and 
ended with the Fish River Subgroup deposition in the Lower Cambrian (Germs, 1983; 
Germs and Gresse, 1991; Grotzinger et al., 1995). Facies and palaeocurrent analyses 
(Germs, 1983; Germs and Gresse, 1991) indicate that the detrital material of the 
Niederhagen, Niep and Haribes/Rosenhof Members were derived from the Damara 
Belt, directly from the north (Figs. 7b to d). However, comprehensive basin analyses 
(Gresse and Germs, 1993) clearly indicate a contribution from the west, from the 
Gariep Belt, for the depositional time interval of the Schwarzrand and lower Fish River 
Subgroups. 
In view of the evidence presented above, some considerations about the evolution 
of the Damara Orogen can be deduced. Neoproterozoic (-750 Ma) rifting of the 
Rodinia supercontinent and the development of oceanic crust (Khomas Sea) is well 
established, and originated along a northwest-dipping detachment-fault system in the 
Damara Belt (Miller, 1983; Henry et al., 1990; Stanistreet et al., 1991; Hoffman et al., 
1996). The closure of the Khomas Sea was a diachronous event in the Damara Belt 
(Gray et al., 2006). Crustal thickening and attendant low-grade metamorphism occurred 
between 570 and 550 Ma in the Southern Margin Zone, coincidently with mafic 
magmatism and intrusion of diorites and syenites in the Central Zone of the Damara 
Belt (Kroner, 1982; Miller, 1983; Jacob et al., 2000; De Kock et al., 2000; Jung, 2005), 
and with the initiation of subduction towards the north of the Khomas Sea at ca. 580 
Ma (Gray et al., 2006). 
The ocean closure in the Damara Belt continued between 540 and 520 Ma (Gray 
et al., 2006) and crustal thickening and metamorphism is estimated in the northern part 
of the Damara Belt at around 525 Ma (Gray et al., 2006). Therefore, detrital chromian 
spinels of the lower and upper Schwarzrand Subgroup in the Zaris sub-basin yield 
information prior to the main metamorphic event that affected the Damara Belt. The 
chromian spinels show volcanic arc, boninitic or supra-subduction zone affinities, 
presenting new evidence about the tectonic style of ocean closure in the Damara Belt. 
Probably, after opening of the Khomas Sea and the generation of oceanic crust with 
MORB affinity, the lavas were overthrust over the oceanic plate which developed along 
the former ridge axis or in its vicinity. Thus, initiation of obduction of the oceanic 
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Fig. 7. Palaeogeographic reconstruction of the Nama foreland basin during the deposition of (a) 
the Kuibis Subgroup, (b) the lower Schwarzrand Subgroup, (c) the upper Schwarzrand 
Subgroup, and (d) the Fish River Subgroup (adapted after Germs, 1983; Gresse and Germs, 
1993). 
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lithosphere and the subduction of its counterpart lead to the generation of supra-
subduction oceanic crust, and an immature island arc or incipient arc was formed 
(Beccaluva et al., 2004). The detrital chromian spinel chemistry recorded in the lower 
and upper Schwarzrand Subgroup indicate an immature (boninites and tholeiites) to 
mature (calc-alkaline and high-K) volcanic arc tectonic setting (Figs. 7a and b). 
Boninitic and tholeiitic lavas in an oceanic arc setting are usually formed by melting of 
a hot, hydrous, shallow mantle wedge in the early stages of subduction initiated near 
the spreading ridge (Arai et al., 2006). Thus, an active volcanic arc probably occurred 
in the Damara Belt and was a source for the Niederhagen and Niep Members, which 
are characterized by chromian spinels with a volcanic arc signature (Figs. 5, 7a and b). 
The Nomtsas Formation represents the beginning of the development of a 
foreland basin, during which coarse fluvial sediments overfilled the basin (Germs, 
1983). The detrital material was directly derived from the Damara Belt as suggested by 
palaeocurrent and facies analyses (Germs, 1983; Gresse and Germs 1993), and 
petrography and geochemistry (Chapter 4). The Nomtsas Formation is precisely dated 
at 539.4 +1 Ma (Grotzinger et al., 1995). The slightly depleted signature of the 
unrecycled Nomtsas Formation and the abundance of Neoproterozoic zircons with the 
youngest dated at 540 ±14 Ma (Chapter 4) imply deposition due to a tectonic pulse 
prior to continental-continental collision between the Kalahari and Congo Cratons (Fig. 
8b). Almost the entire Fish River Subgroup is characterized by reworked detrital 
material and points to a dominance of mainly upper continental crustal material 
(Blanco et al., 2006, Chapter 4). However, the lower Fish River Subgroup shows 
dominance of Neoproterozoic-Cambrian zircon ages derived from the Gariep Belt 
(Chapter 4) and active tectonism in the Nama Basin is evidenced by the southward 
forebulge migration from the Koedoelaagte to Pella Arch (Fig. 7c; Germs and Gresse, 
1991). 
The chromian spinels of the Haribes and Rosenhof Members commonly show 
conchoidal fractures along the margins without preserving euhedral shape and suggest a 
reworked source area not closely located to the depositional area. Moreover, the detrital 
muscovites from the Nababis and Gross Aub Formations yielded K-Ar ages from 567 
±12 to 630 ±13 Ma (Horstmann et al., 1990), and were derived from the Damara 
Orogen and probably reworked from the underlying sediments. Surprisingly, the late 
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Haribes and Rosenhof Members (547, 569, 592 and 626 Ma; Chapter 4) and are related 
with a major syntectonic granitic magmatism in the Central Zone of the Damara Belt 
(Fig. 8; Kroner, 1982; Miller, 1983). Moreover, detrital garnets of the 
Haribes/Rosenhof Members had a metapelitic source probably derived from the Kuiseb 
Formation in the Damara Belt (Chapter 2) (Fig. 8a). The study of other heavy minerals 
such as epidote, zircon, sphene and rutile are indicative of mafic metamorphic and 
plutonic sources. As the regional metamorphic peak in the Damara Belt was probably 
reached during deposition of the Fish River Subgroup (-525 Ma; Goscombe et al., 
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2005; Gray et al., 2006), the Kuiseb Formation and the intercalated Matchless 
Amphibolites in the Southern Zone could be taken as sources for the upper Nama 
Group. 
The provenance data (Chapters 2 and 3) and the facies analyses (Germs, 1983; 
Gresse and Germs, 1993; Saylor, 2003) demonstrated the abrupt increase of sediment 
influx to the Zaris sub-basin during deposition of the Nomtsas Formation from the 
orogenic belt. Consequently, crustal thickening in the Damara Belt must have occurred 
approximately at ca. 539 Ma (Grotzinger et al., 1995), and continued during the upper 
Fish River deposition, exposing the Central Zone, Southern Zone and Southern 
Marginal Zone to erosion (Fig. 8a). 
Towards the west of the Nama Basin, the closure of the Adamastor Ocean lead to 
subduction-related metamorphism at —575 Ma followed by emplacement of the 
Marmora Terrane and sinistral transpression at —550-540 Ma in the Gariep Belt 
(Frimmel and Frank, 1998). Whatever hypothesis, of the retro-arc (Basei et al., 2005) 
or peripheral foreland basin (Germs, 1995), is considered for the Nama Basin 
architecture, it was demonstrated that the Gariep Belt fed the Nama Basin during lower 
Fish River Subgroup deposition (Germs, 1983). The detrital spinels of the upper Fish 
River Subgroup could have been recycled from the lower Fish River Subgroup and 
probably reflect the active tectonism that occurred in the Gariep Belt. Thrusting in the 
Gariep Belt probably represents a shear zone reactivation due to continent-continent 
collision of the Kalahari/Congo Cratons with the Rio de la Plata Craton at the 
Cambrian (Gray et al., 2006; Gaucher et al., 2008c). Noteworthy, the Gariep Belt was 
linked to the external branch of the Kaoko Belt (Coastal Terrane) and the Cuchilla 
Dionisio-Pelotas Terrane which have been affected by transpressional deformation 
related to a component of N—S shortening between 530 and 495 Ma (Basei et al., 2005; 
Gray et al., 2006; Goscombe and Gray, 2008, Gaucher et al., 2008c). However, the 
tectonothermal event registered by Ar/Ar dating at ca. 495 Ma of the clay fraction of 
the Nama Group probably correspond to a coupled overthrusting of the Gariep and 
Damara Belts onto the Kalahari Craton (Germs and Gresse, 1991; Frimmel and Frank, 
1998) or to the ongoing Gondwanide orgeny that affected the southern margin of the 
Kalahari and the Rio de la Plata Cratons (Paulsen et al., 2007, Gregori et al., 2008). 
Chromian spinels provenance 	 89 
3.8 CONCLUDING REMARKS 
Petrographic and chemical characterization of chromian spinets from the lower 
and upper Schwarzrand Subgroups, and the upper Fish River Subgroup of the 
Ediacaran to early Palaeozoic Nama foreland basin was carried out. The source of 
chromian spinels from the Niederhagen and Niep Members in the Zaris sub-basin 
(north to the Osis ridge) point to an immature to mature volcanic arc in the Damara 
Belt. The chromian spinels of the Haribes/Rosenhof Members located in the southern 
Nama Basin were formed in a MORB/back-arc and volcanic arc tectonic setting, 
leading to a better understanding of the Damara Orogen evolution in the Lower 
Cambrian. 
The petrography of chromian spinels recovered from quartzarenites of the 
Niederhagen Member are suggestive of derivation from reworked detritus, indicating 
that the chromian spinels could have been recycled from a pre-Damara source. 
However, the un-metamorphosed character of the chromian spinels, an almost identical 
chemistry compared with those from the Niep Member (Nomtsas Formation), and 
palaeocurrents derived directly from the north (Germs, 1983) suggest a provenance 
from a volcanic arc in the Damara Belt. 
The rare occurrence of detrital pyroxene with inclusion of chromian spinels in the 
sandstones of the Niep Member (Nomtsas Formation) indicates that these first cycle 
derived sediments correspond to a syndepositional volcanic arc activity. 
It has been demonstrated that the exposition of the Damara Sequence and its 
basement by un-roofing in an active foreland tectonic setting occurred during the upper 
Fish River Subgroup deposition. Thus, the provenance of chromian spinels with MORB 
chemical signature is traced back to the Neoproterozoic Matchless Amphibolites, which 
are exposed directly in the Southern Zone of the Damara Belt. The chromian spinels 
related to a depleted volcanic arc setting are probably recycled from the underlying 
Nama Group and were formed in a volcanic arc which formed in the Damara Orogen 
during Pan-African times. 
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CHAPTER 4 
PROVENANCE OF THE MAMA GROUP 
(EbIACARAN-EARLY PALAEOZOIC, NAMIBIA): 
PETROGRAPHY, GEOCHEMISTRY ANb 1)-PB ZIRCON AGES 
ABSTRACT 
Zircon dating, geochemistry and petrography were performed on the Nama Group 
according to previous works based on facies and palaeocurrent analyses. The lower 
Nama Group represented by sandstones of the Kuibis Subgroup (-550 Ma) plots in the 
craton interior field of QFL diagram. The sandstones of this subgroup are characterized 
by high Th/Sc (1.1-3.7), low to moderate Th/U (2.7-4.7), and strong to moderate 
Eu/Eu * anomalies (0.27-0.75), typical of tectonic settings in which recycling 
dominated. The mudrocks of the Kuibis Subgroup show moderate to low Th/Sc (0.6-
1.1), low to moderate Th/U (2.9-5.4) and strong Eu/Eu* anomalies (0.49-0.66). Sorting 
processes of a mafic source component between mudrocks and sandstones are 
suggested to explain their differences in Th/Sc ratios. The mafic source can be traced 
into the Mesoproterozoic basement, as the detrital material came from the Kalahari 
Craton. The middle and upper Nama Group represented by the Schwarzrand (-547 to 
539 Ma) and the Fish River (<539 Ma) subgroups plot in the recycled orogen field on a 
QFL diagram. The Niederhagen Member of the lower Schwarzrand Subgroup shows 
anomalous geochemical characteristics for the quartz-rich sandstones, with moderate 
Th/Sc (1.0-1.2), low Th/U (2.5-3.5), moderate to low Eu/Eu * anomalies (0.64-0.78), 
which indicate that they were not extensively affected by recycling or weathering and 
that they probably preserve a minor depleted component in the sedimentary mixture. 
The Niederhagen Member also concentrates arc-derived un-metamorphosed chromian 
spinels reflecting input from a mafic source of the Damara Belt. Detrital zircon dating 
of the Urusis Formation display major peaks of Neoproterozoic and Mesoproterozoic 
age suggesting a provenance from the Damara/Gariep Belts and their basement. The 
chemical composition of the siliciclastic units of the Urusis Formation is similar 
compared with the UCC. The zircon peaks of the Niep Member (Nomtsas Formation) 
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also display the dominance of Neoproterozoic and Mesoproterozoic ages. A 
provenance from the Damara Belt is detected for the Nomtsas/Vergesig Formations of 
the upper Schwarzrand Subgroup, which was deposited after a first-order 
unconformity. The geochemistry is characterized by moderate Th/Sc (0.9-2.3), low to 
moderate Th/U (2.0-5.6) and strong to moderate Eu/Eu * anomalies (0.56-0.74). The 
lithoclast composition of the Nomtsas Formation sandstones is mainly chlorite-schist 
and only few are volcanic derived, and contain un-metamorphosed arc-derived 
chromian spinels and Mg-rich pyroxenes. The Fish River Subgroup is characterized by 
high Th/Sc (1.0-5.0), low to high Th/U (1.9-7.2) and strong to moderate Eu N/Eu* 
anomalies (0.42-0.72), which evidenced reworking as the dominant sedimentary 
process. However, in the lower Fish River Subgroup, a shift in the provenance occurred 
and sediment supply was derived from the Gariep Belt and Cuchilla Dionisio-Pelotas 
Terrane (South America). The dominance of Neoproterozoic-Cambrian detrital zircon 
ages (76%) of the Wasserfall Member indicate exhumation of a felsic volcanic arc root 
(Cuchilla Dionisio-Pelotas Terrane) which occurred after the youngest detrital zircon 
dated at 531 +9 Ma. Thus, the suture after oblique collision between the Kalahari and 
Rio de la Plata Cratons, probably formed at the time of the sedimentation of the 
Stockdale Formation, which overlies the Fish River unconformity. In the upper Fish 
River Subgroup, detrital zircon dating of the Nababis and Gross Aub Formations 
display major peaks of Neoproterozoic and Mesoproterozoic age and, palaeocurrents 
suggest a provenance from the Damara Belt. 
4.1 INTRODUCTION 
The amalgamation of SW Gondwana in the Neoproterozoic—early Palaeozoic 
resulted from a series of tectonic events related to the collision of continental blocks, 
and accretion of exotic terranes within the Pan-African—Brasiliano belts and probably 
involved major strike-slip movements (e.g. Seth et al., 1998; Jung et al., 2000; Cordani 
et al., 2000; Schmitt et al., 2004; Bossi and Gaucher, 2004; Basei et al., 2005, 
Goscombe and Gray, 2007; Gaucher et al., 2008). 
The Nama Group represents a major stratigraphic unit in southern Namibia and 
adjacent north-western South Africa (Fig. 1), extending generally from the southern rim 
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Fig. 1. Pan-African/Brasiliano orogenic belts and Ediacaran—early Cambrian basins in 
southwestern Gondwana (modified after Gresse et al., 1996, Trompette 1997 and Gaucher et al., 
2005a), SBCMGSZ: Sierra Ballena-Cangucit-Major Gercino Shear Zone. 
of the Damara Belt to the Vanrhynsdorp area in the Northern Cape Province for a 
distance of more than 1000 km (Germs, 1983). The area in which the sediments of this 
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unit were deposited covered more than 350,000 km 2 and possesses an outcrop area of 
approximately 125,000 km 2 (Fig. 1). The group is divided into three distinct 
lithostratigraphic units, termed the Kuibis Subgroup, Schwarzrand Subgroup and Fish 
River Subgroups (Fig 2; South African Committee on Stratigraphy, SACS, 1980). The 
Nama Group is interpreted as a foreland basin in response to tectonism in the adjacent 
northern Damara and western Gariep Orogenic Belts, deposited at the Ediacaran-Lower 
Cambrian (Fig. 3; Germs, 1983, 1995). In this scenario, controversy has arise between 
different authors who have suggested different timing for the closure of the Khomas 
Sea (Damara Belt) and the Adamastor Ocean (Gariep Belt) (e.g. Stanistreet et al., 1991; 
Germs, 1995; Frimmel and Frank, 1998; Basei et al., 2005; Gray et al., 2006). This 
study aims to detect provenance changes in the selected siliciclastic units of the Nama 
Group using geochemical, petrographical and detrital zircon dating methods. 
Provenance studies focused in geochemistry operate on the assumption that particular 
elements (rare earth elements, Cr, Th, Zr, Hf and Sc) are transported from source to 
sediment with insignificant modification due to the sorting, fractionation, diagenesis or 
post-depositional tectonothermal effects (Taylor and McLennan, 1985; McLennan et 
al., 2003). Provenance studies will try to differentiate the various source terranes for the 
Nama Group, as sedimentological constraints show definite palaeocurrent changes 
through time (e.g. Germs, 1983). In this scenario, it is of relevant importance the age-
measurements of detrital zircons, which combined with petrographical and 
geochemical studies could reveal whether the Gariep and the Damara Belts acted as 
sources, and provide constraints on the timing of provenance changes. 
4.2 NAMA GROUP 
The Nama Group is subdivided from old to young into the Kuibis, Schwarzrand 
and Fish River Subgroups (e.g. Germs, 1983; Fig. 2). Each of these subgroups has its 
own lithological characteristics. The siliciclastic rocks of the Kuibis Subroup are 
generally white and quartz-rich, those of the Schwarzrand Subgroup are greenish and 
with a lower quartz content, while those of the Fish River Subgroup are reddish, 
feldspathic and slightly friable. Some prominent carbonate successions occur in the 
Kuibis and Schwarzrand Subgroups, but they are absent in the Fish River Subgroup. 
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Fig. 2. Stratigraphic columns from the Zaris sub-basin (north of Osis ridge) and Witputs sub-basin 
(south of Osis ridge) and their palaeocurrents average of the Nama Group, after Germs (1983). 
Ages represent tuff layers dated by Grotzinger et al. (1995) and palaeontological data after Germs 
(1972a). 
Major unconformities occur at the bases of the Nama Group, below the Nomtsas 
Formation (uppermost Schwarzrand Subgroup) and the Fish River Subgroup (Fig. 2). 
Precise radiometric data are available from the Neoproterozoic to early Palaeozoic 
Nama Group succession. A volcanic ash bed of the upper Kuibis Subgroup has yielded 
a U-Pb zircon age of 548.8 ±1 Ma (Grotzinger et al., 1995). Two volcanic ash beds of 
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the Spitzkop Member in the upper Schwarzrand Subgroup have yielded zircon ages of 
545.1 ±1 Ma and 543.3 ±1 Ma, respectively (Grotzinger et al., 1995). An ash layer in 
the lower Nomtsas Formation gave a zircon age of 539.4 ±1 Ma (Grotzinger et al., 
1995; Fig. 3). This implies a rather short sedimentation period of less than 10 Ma for 
the entire Schwarzrand Subgroup. 
These radiometric ages are in agreement with palaeontological findings. The 
lower Nama Group contains Ediacaran fossils (Germs, 1972a, 1995), organic-walled 
microfossils (Germs et al., 1986), shelly fossils such as Cloudina (Germs, 1972b) and 
Namacalathus (Grotzinger et al., 1995; Fig. 3). The upper Nama Group (above the 
Nomtsas Formation unconformity) is Cambrian in age as indicated by the trace fossils 
Treptichnus pedum and Diplichnites (Germs, 1972c, 1974; Crimes and Germs, 1982). 
Jensen and Runnegar (2005) suggested that the Ediacaran-Cambrian boundary might 
occur in the uppermost part of the Urusis Formation, rather than at the base of the 
Nomtsas Formation. Complex burrowing shown by the trace fossil Streptichnus 
narbonnei and Treptichnus pedum is the main reason to assign a Cambrian age for the 
upper part of the Spitskop Member (Jensen and Runnegar, 2005). Based on 
palaeontological data, the Nama Group can be correlated to other units of the SW-
Gondwana, such as the Arroyo del Soldado Group of Uruguay, the Cango Caves and 
Gamtoos groups (Saldania Belt) of South Africa, the Sierras Bayas Group and the 
Cerro Negro Formation of Argentina and the Corumba Group of Brazil; (Fig. 1; 
Gaucher and Germs, 2006). 
During early Nama depositional times (Kuibis and lower Schwarzrand 
Subgroups) the foreland basin consisted of three sub-basins separated by the northern 
Osis (Fig. 3) and southern Kamieskroon Arches, which probably represented 
forebulges (Germs and Gresse, 1991). The lower Nama Group received material 
predominantly from the eastern Kalahari Craton although palaeo currents had changed 
during deposition of the northern Nudaus Formation, when sediment transport took 
place from a north-northwestern source in the Damara Belt (Figs. 2, 3 and 4a; Germs, 
1983). However, during late Nama depositional times (upper Fish River Subgroup) 
these arches had lost their importance as barriers to sedimentary transport and the 
detrital material was shed from northern sources into one major foreland basin (Germs 
and Gresse, 1991). The sediments of the Stockdale and Breckhorn Formations of the 
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lower Fish River Subgroup were supplied from the west, and according to Germs 
(1983) most probably from the Gariep Belt (Fig. 4b). 
Recently, several authors proposed an eastward direction subduction regime that 
resulted in the collision between the Gariep Belt and the Kalahari Craton in an active 
margin tectonic setting (Basei et al., 2005; Gray et al., 2006; Goscombe and Gray, 
2007). In this scenario, a retro-arc foreland depositional setting for the Nama Group is 
suggested (Basei et al., 2005), and the active arc was the Pelotas-Aigua Batholith in the 
Cuchilla Dionisio-Pelotas Terrane, which is located along the eastern border of the Rio 
de la Plata Craton in Southern Brazil and Uruguay (Bossi and Gaucher, 2004; Figs. la 
and 1 b). 
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4.3 Damara Orogen 
The Damara Orogen includes the Kaoko, Gariep and the Damara Belts and is 
understood to represent a collisional triple junction (Figs. 1 to 3; e.g. Coward, 1981, 
1983; Miller, 1983; Hartmann et al., 1983; Porada, 1989; Trompette, 1994; Prave, 
1996; Franz et al., 1999). The Damara Belt resulted from the collision between the 
Congo and Kalahari Cratons during the Neoproterozoic to early Palaeozoic following 
the closure of the Khomas Sea. The Khomas Sea was developed after rifting of the 
Congo and Kalahari Cratons during the Cryogenian (Figs. 1 and 3; e.g. Miller, 1983; 
Stanistreet et al., 1991). The Gariep Belt is located towards the west of the Nama Basin. 
It resulted from the late Neoproterozoic to Middle Cambrian collision between the 
Kalahari and Rio de la Plata Cratons (or other South American continental blocks), 
after the closure of the southern Adamastor Ocean (Frimmel and Frank, 1998; Frimmel, 
2000; Frimmel and Foiling 2004; Basei et al., 2005; Gray et al., 2006). 
4.3.1 Damara Belt 
The Damara Belt, which is an asymmetric double-vergent orogen, has been 
divided into several zones based on stratigraphy, metamorphic grade, structure and 
geochronology: the Southern Foreland (Nama Basin), the Southern Marginal Zone, the 
Southern Zone, the Central Zone and the Northern Zone (Miller, 1983). 
In the Southern Marginal Zone and in the Southern Zone of Miller (1983) or 
Hakos Terrane of Hoffman (1994), the Damara Belt is thrusted and folded in nappe 
structures showing south-west vergence (Fig. 4a). This occurred at the same time as 
deposition of sediments of the Nama Group (Kash, 1983a-b; Miller, 1983). 
The Damara Sequence in the Southern Zone is composed of metasediments and 
amphibolites and underwent high-pressure, low-temperature metamorphism under 
greenschist to upper amphibolite facies conditions (Miller, 1983; Figs. 3 and 4a). 
Metapelites with garnet are very common in the Swakop Group (Kuiseb Formation). In 
the Southern Zone, Kash (1983b) reported an assemblage of kyanite + staurolite + 
garnet + biotite + muscovite + quartz for schists of the Kuiseb Formation. U-Pb 
Monazite ages from the schists of the Kuiseb Formation are between 518 and 513 Ma, 
whereas those from migmatites of the schist unit are between 525 and 515 Ma (Kukla, 
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1993) and these ages were interpreted as the peak of regional metamorphism (between 
520 and 505 Ma). 40Ar-39Ar thermochronologic data presented by Gray et al. (2006) 
indicate cooling through the temperature interval of about 550-300 °C occurred 
between 500 and 485 Ma in the Southern Zone of the Damara Belt. The lack of syn-
and post-collisional granites in the Southern Zone is a notable feature when compared 
with the Central Zone (see below). 
A pre-Damaran basement is exposed within the Southern Marginal Zone and the 
Southern Foreland of the Pan-African Damara Belt, termed by Becker et al. (2005) as 
the Rehobot Basement Inlier (RBI, Figs. 3 and 4a). This basement inlier is composed 
of: (1) gneissic rocks of unknown age possibly belonging to the Kalahari Craton, (2) a 
late Palaeoproterozoic greenstone-type sequence, overprinted by medium to high-grade 
metamorphism and (3) metasedimentary, metavolcanic and intrusive Mesoproterozoic 
rocks. The Sinclair Group is exposed to the southwest of the RBI, and is composed of 
metasedimentary, metavolcanic and intrusive Mesoproterozoic rocks. It is separated 
from the RBI by the NNW—SSE-striking Nam Shear Zone (NSZ, Figs. 3 and 4a) that 
was generated and active during the 1.1 to 1.0 Ga Namaqua Orogeny (Becker et al., 
2005; 2006). The Alberta Complex is the most prominent mafic and ultramafic 
intrusion (Becker and Brandenburg, 2002) within the Southern Marginal Zone. Kukla 
and Stanistreet (1991) described some Alpine-type bodies. Serpentinite, chlorite-schist 
and amphibolite are described by Kash (1983a, b) in the Southern Marginal Zone of the 
Damara Belt, and are interpreted as disrupted relict of an ophiolite which represent the 
suture zone of a continental collision. The Matchless Amphibolites are 350 km long 
and up to 3 km wide (Figs. 3 and 4a) and comprise deformed tholeiitic oceanic 
metabasalt. The MORB composition of the Matchless Amphibolite (Finnemore, 1978; 
Breitkopf and Maiden, 1987) was interpreted in terms of both extrusive and intrusive 
mid-ocean ridge-type settings by some authors (Kash, 1983; Miller, 1983). Kukla and 
Stanistreet (1991) emphasized the allochthonous characteristic of the Matchless 
Amphibolites, structurally emplaced into Khomas Trough (Fig. 4a). 
The Damara Sequence in the Central Zone is composed of granites and 
subordinate meta-sediments and pre-Damara basement rocks (Miller, 1983). There is 
an increase in the metamorphic grade from east to west reaching high-grade conditions 
(700-750°C and 5-6 kbar) with local partial melting (Hartmann et al., 1983; Jung and 
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Mezger, 2003). In the Central Zone, according to Jung et al. (2000) and Jung and 
Mezger (2003), the peak of metamorphism occurred between 540 and 504 Ma (with 
thermal pulses at —540 to —530 and —525 to —504 Ma). The emplacement of syn- to 
post-tectonic granitoids occurred between 650 and 450 Ma, probably as a response to a 
polycyclic orogenic history (Kroner, 1982). 
The Northern Zone is represented by Neoproterozic folded and metamorphosed 
sediments and several pre-Damara basement inliers of the Congo Craton (Miller, 1983). 
The Northern Zone and its foreland, the Mulden Basin (Fig. lb), probably were not 
source areas for the Nama Basin as they show a northern vergence towards the Congo 
Craton, and hence are located on the northern side of the Orogen. They were likely 
been separated from the Nama basin by a palaeohigh in the core of the orogen. 
4.3.2 Gariep Belt 
The Gariep is exposed in several outcrops in the southern Namib desert, from the 
coast between Lfideritz and Port Nolloth and up to 100 km inland (Fig. 3). South of 
Port Nolloth, most of the belt strikes out to sea with only a few small outcrops along 
the coastline, and then re-emerges in an erosional outlier around 31°S (the Vredendal 
Outlier). The Gariep Belt represents a Pan-African fold and thrust belt, in which two 
major tectonic units are distinguished (Frimmel, 2004). In the internal western part of 
the belt, oceanic rocks that lack any continental basement occur (Figs. 3 and 4b, 
Marmora Terrane). The external part further east (Port Nolloth Zone) consists of 
continental sedimentary successions with subordinate volcanic rocks (Port Nolloth 
Group), which, though intensely deformed internally, still rest on their Palaeo- to 
Mesoproterozoic basement. A major thrust fault (Schakalsberge Thrust) separates the 
allochthonous Marmora Terrane from the para-autochthonous Port Nolloth Zone and 
has been dated by 40Ar-39Ar between 547 and 543 Ma (Frimmel and Frank, 1998) 
giving a minimum depositional age. The maximum age for the Gariep Basin is yielded 
by rift-related felsic magmatism, which was dated by U-Pb zircon method at 771 ±6 
Ma (Frimmel and Frank, 1998; Frimmel and Foiling, 2004). The post-tectonic alkaline 
Kuboos pluton intruded the sequence and has yielded a U-Pb zircon age of 507 ±6 Ma 
(Frimmel, 2000). 
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The basement in the Gariep area is largely composed of the Namaqualand 
Metamorphic Complex (NMC) and a series of alkali granite and syenite bodies of the 
Richveld Igneous Complex (RIC), which were emplaced post-tectonically into the 
Namaqualand Metamorphic Complex. Geochronological data suggest that the 
Namibian NMC include Mesoproterozoic rocks (1250-1100 Ma) and a strongly 
reworked Palaeoproterozoic basement (Becker et al., 2006). The latter is composed of 
low-grade metamorphosed Vioolsdrif Suite granitoids (1700-1800 Ma) and 
metavolcanic rocks of the Orange River Group (1900-2000 Ma). 
4.4 SAMPLING AND ANALYTICAL TECHNIQUES 
Sampling was performed in two sub-basins. The Zaris sub-basin in the north and 
Witputs sub-basin in the south of the Nama basin. The numbers in figure 3 represent 
different sampling localities. Samples from each locality are numbered in Table 3 of 
Appendix 6. More than 90 samples were collected and subjected to petrographic and 
geochemical analyses. Seven samples were collected for zircon dating (Appendix 3). 
Sampling localities were selected in regions of well-constrained stratigraphy. 
Details of analytical methods and conditions are given in Appendix 1. The 
petrographic observations were done undertaken using a petrographic microscope, and 
a scanning and backscattered electron microscope using energy dispersive spectrometry 
(SEM-BSE-EDS). Quartz, feldspars and lithic grains of 42 sandstones were plotted on 
QFL diagrams (Dickinson et al., 1983) and 300-400 points were counted in each thin 
section using The point-counting method of Gazzi and Dickinson, as described by 
Ingersoll et al. (1984). 
XRD analyses were carried out using a Philips PW1729 automated powder 
diffractometer system with a PW1710 vertical goniometer. Results are shown in 
Appendix 2. Samples for geochemical analyses were milled to an extreme fine mesh in 
a Cr-steel beaker. As a result, Cr analyses were discarded because of sample 
contamination. The samples selected for U-Pb analyses of detrital zircons (Fig. 2) were 
prepared using the standard laboratory technique of Mange and Maurer (1992). Results 
are shown in Appendix 3. 
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4.5 PETROGRAPHY 
The complete petrographical descriptions are presented in Appendix 5. 
4.5.1 Kuibis Subgroup 
The Dabis Formation is recognized in the Witputs sub-basin (Fig. 2) and the 
deposition began with polymictic conglomerates characterized by rounded clasts with a 
maximum diameter of 4 mm. Conglomerates are clast-supported and the matrix is 
composed of coarse-grained quartz arenite (60% vol. polycrystalline quartz). The 
sandstone matrix is composed of illite and is cemented by chlorite and quartz. Up 
section, the conglomerates grades into fine to coarse grained sandstones. Within both 
the Zaris and Witputs sub-basins (Zaris and Dabis Formations), the sandstones are 
typically well sorted, subfeldsarenites or feldsarenites according to the Folk et al. 
(1970) classification scheme. Monomineralic non-undulose quartz dominates the 
detrital composition and the polycrystalline type is subordinate. Feldspar content reach 
20% vol., dominated by albite and subordinate microcline. Some plagioclase grains 
altered to chlorite are observed. Lithoclasts are less than 5% by vol. and are composed 
of a chlorite aggregates and siltstones. Commonly, the matrix is composed of illite 
cemented by quartz and less commonly by calcite. The heavy mineral fraction is less 
than 1% by vol. and is dominated by rounded zircons, rutile and tourmaline. The 
mudrocks (usually green) are composed of quartz, muscovite, albite, chlorite + calcite. 
4.5.2 Schwarzrand Subgroup 
Sandstones of the basal Nudaus Formation are mainly subfeldsarenites or 
feldsarenites (Folk et al., 1970). Up section the Urusis, Nomtsas and Vergesig 
Formations consist of fine to medium-grained litharenites with subordinate sub-
feldsarenites. Very fine grained, subangular to rounded plagioclase is the most 
abundant feldspar type. Lithic fragments are abundant up section (20-30%) and are 
mainly metamorphic in origin. They are composed of sericite/chlorite altered grains, 
detrital chlorite and mudrock, while volcanic clasts are subordinate. The recrystallized 
matrix is observed as grain coatings or pore fillings, and is mainly composed of illite 
(<5% vol.) and montmorilonite according to XRD analyses. A secondary quartz 
overgrowth cement (<2% vol.) fills primary porosity in optical continuity with the 
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surrounding clasts. Accessory minerals are composed of heavy minerals and detrital 
muscovite, which comprise 1% vol. of the rock. Detrital chromian spinel grains of the 
Niedrhagen Member are generally dark brown to nearly opaque in transmitted light. 
They appear also in octahedral and subhedral shapes typically 70-200 gm across. 
Grains are generally homogeneous and show no obvious sign of zoning under SEM-
BSE and EDS analysis. In the Niep Member, the detrital chromian spinel grains are 
generally dark red-brown to nearly opaque in transmitted light. Some of them occur as 
inclusions in the detrital orthopyroxene (section 4 of Chapter 3), show octahedral 
shapes and grains are typically 30-60gm across. Isolated chromian spinels appear also 
in octahedral and subhedral forms, being typically 70-150 pm across. Grains are 
generally homogeneous and show no obvious sign of zoning under SEM-BSE and EDS 
analysis. The mudrocks are composed of quartz, albite, muscovite, illite, chlorite and 
hematite. 
4.5.3 Fish River Subgroup 
Feldspathic litharenites and litharenites are the predominant lithologies in this 
subgroup with the exception of the Kabib Member, which is composed of 
subfeldsarenites, and the Haribes Member (Chapter 2) that is composed of feldsarenites 
or lithic feldsarenites. The quartz is subrounded and very fine to medium grained. 
Monomineralic quartz is the most common type but in some samples the 
polycrystalline type reaches more than 20% by vol. K-Feldspar is dominant over 
plagioclase and perthitic orthoclase and microcline are the most common types. Lithic 
fragments range between 20 and 50% of the total grain population, showing a large 
variety composed primarily of siltstones (usually with chlorite in aggregates), phyllites, 
chert, meta-quartzites, with a few clasts having a volcanic origin. The matrix is present 
as coatings and pore fillings and is less than 5% by vol. It is composed of illite and 
montmorilonite. Sandstones are often cemented by syntaxial quartz overgrowths. 
Poikilotopic calcite and hematite also occur. Muscovite is the most common accessory 
mineral phase. Detrital chromian spinels are concentrated in thin laminae in black sands 
of the Haribes/Rosenhof Members which are also enriched in other heavy minerals like 
garnet, epidote, zircon, rutile and titanite (Blanco et al., 2006, Chapter 2 and 3). Spinels 
occur as small rounded elongate grains typical 60 gm in length and 20 gm wide. Large 
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spinels with angular shapes and 200 gm in diameter are brown-red in colour under 
polarized light. Grain margins commonly show conchoidal fractures, suggesting 
mechanical breakage. Grains are generally homogeneous and show no obvious sign of 
zoning under SEM-BSE and EDS analysis (Blanco et al., accepted manuscript; Chapter 
3). 
4.6 GEOCHEMISTRY 
4.6.1 Major element geochemistry 
Sandstones of the Kuibis Subgroup show higher values of silica (64-95%) 
compared with the mudrocks (49-67%). In contrast, the mudrocks show enrichment in 
A1203 (7-25%) while the sandstones of the Kuibis Subgroup have values between 1% 
and 17%. The Fe203t content of the sandstones (average 1.5%) is lower than the 
mudrocks (average 4.4%) of the Kuibis Subgroup (Table 2 of Appendix 6). The CaO 
content in the mudrocks reaches 20% in one sample and displays an average of 2.5%. 
MgO is 1.8% on average. The sandstones have low CaO concentrations (average 0.4%) 
and variable MgO concentrations between 0 and 2.7%. Both mudrocks and sandstones 
have few samples with high concentrations of K 2 O (>5%). Na2O content is low for all 
the samples in comparison with UCC (Upper Continental Crust; Table 2 of Appendix 
6). TiO2 shows a similar behaviour for both sandstones and mudrocks with values 
below 0.6%. 
Sandstones of the Schwarzrand Subgroup behave differently from the Kuibis 
Subgroup in terms of the concentration of major elements. The silica values are in the 
range between 63 and 79%. CaO concentrations display a great dispersion ranging 
between 0.1 and 21%, while MgO is between 0.3 and 2.0%. The concentration of alkali 
elements is relatively uniform with an average of 1.5% for Na2O and 1.7% for K2O. 
TiO2 on the other hand is extremely variable, and displays values up to 0.6%. The 
mudrocks of the Nomtsas Formation show uniform concentration of MgO (average 
1%), high values of CaO (four samples have values up to 16%), low TiO2 (average 
0.2%) and alkalis (average 3.2 %). One sample (Nom-32) has an extremely high Fe 203t 
concentration of 30%. The averages of A1203 and SiO2 for the Nomtsas Formation are 
10% and 63% respectively. 
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The sandstones of the Fish River Subgroup (excluding the samples of the Chapter 
2 which are not analysed in this chapter) are richer in silica compared with the other 
groups previously described, ranging from 68 to 96%, with an average of 81%. CaO 
ranges from 0.02 to 2.64%, but has an average of 0.5%. MgO is rather low (average 
0.65%), not reaching typical UCC values. Alkali element concentrations are uniform 
and generally low, with an average of 1.1% for Na20 and 1.7% for K20. TiO 2 contents 
are low with an average of 0.27%. The dilution effect produced by the high 
concentrations of silica resulted in low concentration of other major elements for 
almost all samples from the Fish River Subgroup. 
4.6.2 Alteration 
The chemical index of alteration (CIA; Nesbitt and Young, 1982) is used to check 
the mobility of major elements that might occur especially during diagenesis. In order 
to evaluate the effects of weathering, a ternary diagram that plots the molar proportions 
of A1203, the sum of CaO* and Na20, and K20 (A-CN-K) is constructed (Nesbitt and 
Young, 1982). The CaO* values represent Ca that resides only in the silicate fraction of 
the samples (Nesbitt and Young, 1984). 
Only some samples of the Kuibis Subgroup plot away from a weathering trend in 
A-CN-K space, towards the K20 apex (Fig. 5a). Anomalously high K 20 values are 
recognized in both modern and ancient sedimentary sequences as a result of post-
depositional metasomatic potassium enrichment (Hurowitz and McLennan, 2005). 
According to Fedo et al. (1995), the pre-metasomatized composition of a sample can be 
calculated by projecting a line from the K-apex through the sample position onto the 
normally predicted weathering trend of the source composition, thus subtracting out the 
effect of K addition to the sample. This correction has been graphically performed for 
the anomalous samples and corrected to the weathering trend of granodiorite, and 
therefore a CIA value can be estimated (Fig. 5a). Utilizing the corrected CIA values, it 
can be seen that the Kuibis Subgroup samples display a range in CIA from 62 to 83, as 
shown in figure 5a. The Schwarzrand Subgroup and Fish River Subgroup show a range 
in CIA values from 61 to 74 and 52 to 79 respectively (Figs. 5b and c). The samples 
from all three subgroups show a relatively wide spread of CIA values. 
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A plausible explanation to generate a wide range in CIA values (Fish River 
Subgroup) occur in regions where active tectonic processes are taking place as physical 
and chemical weathering processes have not reached steady state. Thus the 
incorporation of entire weathering profiles, via active mass-wasting processes into the 
fluvial systems draining the region is possible (Fedo et al., 1997). 
Fig. 5. Ternary A-CN-K (A1203-[Ca0*+Na 20]-K20) diagrams for (a) Kuibis Subgroup, (b) 
Schwarzrand Subgroup and (c) Fish River Subgroup. Grey fields indicate range in corrected 
chemical index of alteration values represented by the samples, as discussed in the text. Solid 
arrow headed lines indicate normally predicted weathering trend (Nesbitt and Young, 1984; 
Nesbitt and Markovics, 1997) of average post-Archaean upper continental crust of Taylor and 
McLennan (1985, empty squares UC). Dashed arrow headed lines are K addition correction lines 
for the Kuibis Subgroup (see text). 
The K/Cs ratios (Appendix 6) of the samples analyzed are in the range of UCC 
(6100, McLennan et al., 2006). However, mudrocks of the Kuibis Subgroup exhibit 
strong chemical weathering and show values below the UCC. In turn, samples of the 
Nomtsas and Vergesig Formations have K/Cs values much lower than the UCC, while 
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other samples of the Schwarzrand Subgroup show rather high K/Cs ratios (>10,000). 
The uppermost succession of the Nama Group, the Fish River Subgroup, show similar 
0 
Fig. 6. Th/U vs Th for the Nama Group (after McLennan et al., 1993). The overall trend for most of 
the samples of Kuibis and Schwarzrand Subgroups are consistent with low to moderate weathering 
of the source. 
trends as the Kuibis Subgroup, with strong chemical weathering and low K/Cs ratios (< 
3000). 
According to McLennan et al. (1993), the Th/U ratio versus Th diagram (Fig. 6) 
allows estimation of weathering and/or recycling of sedimentary rocks. The Th/U ratio 
in average UCC is —3.8, and for most sedimentary rocks derived from typical upper 
crust, the Th/U ratio is around 3.5-4.0 (McLennan et al., 1993). As sediments 
experience higher degrees of weathering and/or recycling under oxidizing conditions, 
the Th/U ratio typically increases, because U 4+ oxidizes to the more soluble U 6+ species 
and is removed from sediments (McLennan et al., 1993). 
The Kuibis Subgroup shows a trend characterized by low Th/U values (ranging 
from 3.6 to 4.2), assuring that they have not undergone significant weathering and/or 
sedimentary recycling (McLennan et al., 1993). Low Th/U ratios are common in 
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sedimentary environments where rapid accumulation and burial of sediment occurs. 
Geotectonic settings where extensive reworking is possible, such as passive margins, 
are characterized by high Th/U ratios. The Schwarzrand Subgroup shows a similar 
trend and the Niederhagen Member and the Nomtsas Formation have the lowest Th/U 
values (Fig. 6) compared with the UCC. 
The Fish River Subgroup shows variable Th/U ratio and low U values (average 
2.1) and it follows a clear weathering trend suggesting that it has undergone 
significantly greater weathering and/or sedimentary recycling than the Kuibis and 
Schwarzrand Subgroups (Fig. 6). 
4.6.3 Trace elements 
The chemical analyses of the trace elements such as the high field strength 
elements, Th, Sc, Zr, Hf, Nb, Y and the rare earth elements (REE) are particularly 
useful for provenance information and modelling, to model the tectonic setting of 
sedimentary successions. Because they are insoluble and usually immobile under 
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Fig. 7. Normalization of average values of selected trace elements of the Nama Group (after 
Floyd and Laveradge 1987) to the UCC (Upper Continental Crust, after McLennan et al., 2006). 
Explanation in the text. 
surface conditions, they preserve the source rock characteristics in the sedimentary 
record (e.g. Taylor and McLennan, 1985; Bhatia and Crook, 1986; Floyd and 
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Leveridge, 1987; McLennan et al., 1993). Trace element composition of the siliciclastic 
units of the Nama Group normalized to average upper continental crust composition 
(UCC after McLennan et al., 2006) could reveal interesting information regarding 
provenance changes and/or depositional conditions for different parts of the Nama 
Basin. 
In figure 7, the elements are organised from the relatively incompatible and LILE 
(large ion lithophile elements) on the left to more the compatible elements to the right 
with ferromagnesian elements (V and Ni) in the middle. Several deviations from upper 
crustal values are observed in the Nama Group. These include negative Sr, P, and Sc 
anomalies, except for the mudrocks of the Kuibis Subgroup and the less pronounced Sc 
depletion showed by the Nomtsas/Vergesig Formations. Positive U and Rb anomalies 
and a negative Yb-Ti anomaly are displayed for all samples, as well as depletions in Ni 
and V. The Kuibis Subgroup (especially the mudrocks) shows Cs enrichment in 
contrast to the Schwarzrand and Fish River Subgroups, which are depleted. Hf, Zr and 
Y are above the UCC average, whereas Th content is similar to the UCC for the three 
Subgroups, expect for the NomtsasNergesig Formations, which show depletion in Zr 
and Hf compared with the Schwarzrand and Fish River Subgroups. 
Rare Earth Elements (REE) 
REE patterns (Fig. 8) of the Nama Group are relatively similar to the PAAS 
pattern (Nance and Taylor, 1976), showing a small depletion of the light REE. A slight 
Eu/Eu* anomaly reflects the existence of a significant Ca-plagioclase component (Eu 2+ 
is similar in size to Sr 2+ and strongly concentrated in plagioclase), which would 
increase the Eu/Eu* value towards 1. Since Ca-plagioclase is stable at 40 km depth, the 
Eu/Eu* anomaly provide information about the igneous fractionation process 
responsible for the generation of this mineral phase in the source rock (McLennan and 
Taylor, 1991). Eu/Eu* values between 0.5 and 0.7 are typical of the UCC (McLennan 
et al., 1990). 
The Kuibis Subgroup shows the strongest negative Eu/Eu* values (average 0.52, 
Table 1), with a rather large spread between 0.45 and 0.84; however, most of the 
samples range between 0.5 and 0.6 and no difference between mudrocks and 
sandstones was observed. The Urusis Formation (Schwarzrand Subgroup) show an 
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average Eu/Eu* ratio of 0.55. It is interesting to note that the Eu/Eu* values of the 
silica-rich sandstones of the Niederhagen Member are between 0.64 and 0.78, and of 
some samples of the Nomtsas/Vergesig Formations that often are above 0.70 reflect 
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Fig. 8. Chondrite normalized (after Taylor and McLennan, 1985) average REE patterns for the 
Nama Group compared with the PAAS (Post Archaean Australian Shales; after Nance and 
Taylor, 1976). 
greater input of Ca-plagioclase than for other units of the Nama Group, which is in 
agreement with the petrographic observations. The Fish River Subgroup has an average 
Eu/Eu* value of 0.57, only slightly higher than the Kuibis Subgroup (Table 1). 
The Nama Group shows La N/YbN ratios similar to the UCC average (9.3, 
McLennan et al., 2003). LaN/YbN ratios higher than 6 point to enrichment in LREE, 
which is characteristic of a felsic composition. Most of the samples of the Nama Group 
typically have REE patterns similar to the UCC pattern (Fig. 8). The Kuibis Subgroup 
displays a wide range of LaN/YbN ratios (between 2.33 and 11.15) with an average of 
6.35. Some samples of this subgroup show a rather flat REE pattern and a relative 
enrichment of HREE over LREE. The Schwarzrand Subgroup, excluding the 
NomtsasNergesig Formations, shows an average LaN/YbN ratio of 9.32, similar to the 
UCC (Table 1). Samples of the NomtsasNergesig Formations have slightly lower 
LaN/YbN ratios (average 7.58) excluding some mudrocks samples of the Nomtsas 
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Formation from the southern basin. These mudrocks are enriched in carbonate and 
display a relatively flat REE pattern. The samples of the Fish River Subgroup are 
entirely characterised by LaN/YbN ratios above the UCC with an average of 9.79. Ce 
anomalies (Ce/Ce*), which may indicate redistribution of the REE during weathering 
or diagenesis (e.g. McDaniel et al., 1994) were not detected. Ce/Ce* values of the 
Nama Group are relatively homogeneous and straddle around 1. Only some samples of 
the Fish River Subgroup deviate from these values (0.37-2.49) and seem to be related 
to the specific outcrop conditions and/or facies parameters. 
4.7 U-Pb DETRITAL ZIRCON DATING 
Randomly selected samples of zircons were analyzed including each 
morphological type, so that the possibility of omission of zircons from minor age 
population can be minimized. Based on the rather low number of zircons dated, the 
objective of this study is not to exclude a certain population (e.g. Andersen, 2004; 
Vermeersch, 2004). However, different lithofacies from different basin locations were 
analyzed for a better understanding of source controls and therefore, if more than 30 
zircons are analyzed, the probability of sampling an age group that represents at least 
10% of the population is about 95% (Dodson et al., 1988). 
Figure 9a displays the zircon distribution for the Urusis Formation (north of the 
Osis ridge). Late Mesoproterozoic zircons (66%) are dominant with peak ages at 1037 
and 1264 Ma. The subordinate Neoproterozoic population (33%) show peaks at 574, 
652 and 796 Ma. 
The Nasep Member of the Urusis Formation, situated to the south of the Osis 
ridge, show a dominance of late Mesoproterozoic zircons (52%) with a peak at 1029 
Ma (Fig. 9b). The Neoproterozoic zircon population (39%) display two peaks at 596 
and 683 Ma and a minor Palaeoproterozoic (9%) population with a peak at 1874 Ma. 
Mesoproterozoic zircons (44%) are dominant showing a peak at 1057 Ma. The 
Neoproterozoic zircon ages are abundant (41%) with peaks at 632 and 902 Ma. 
Palaeoproterozoic zircon ages are abundant (11%) with a peak at 1892 Ma and the 
presence of only a few early Archaean zircon ages (3%) is notable. A maximum 
depositional age of the Niep Member (Nomtsas Formation) is constrained by the 
youngest zircon at 540 +14 Ma. 
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Fig. 9. Probability distribution ages for all concordant detrital zircon analyses from the Urusis 
Formation situated to the (a) north and (b) south of the Osis ridge. Curves were calculated using the 
ISOPLOT program of Ludwig (2003). 
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Fig. 10. Probability distribution ages for all concordant detrital zircon analyses of the Niep Member 
of the Nomtsas Formation situated to the north of the Osis ridge. 
The Wasserfall Member, situated to the south of the Osis ridge, displays zircon 
populations dominated by Lower Cambrian and Neoproterozoic ages (86%) with peaks 
at 546, 591 and 637 Ma (Figs. I la and b), indicating an abrupt provenance change. A 
maximum depositional age of the Wasserfall Member (Stockdale Formation) is 
constrained by the youngest zircon at 531 ±9 Ma. Subordinate peaks at 1002 (8%), 
1823 (10%) and 2605 Ma (5%) are seen. To the north of the Osis ridge the Wasserfall 
Member display a dominance of Neoproterozoic zircon ages (57%) with peaks at 583 
and 755 Ma, but Cambrian zircon ages are lacking. Subordinate zircon peaks occur at 
1042, 1358, 1904 and 2669 Ma. 
The zircon ages from the Haribes Member are characterised by a bimodal 
distribution with two main populations, a Neoproterozoic peak and an early 
Neoproterozoic to late Mesoproterozoic peak (Fig. 9a, Chapter 2). The first 
populationis well defined by a peak at 592 Ma, with a minor peak at 731 Ma. The early 
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Neoproterozoic to late Mesoproterozoic population has peaks at 980, 1055 and 
1171 Ma. 
The Rosenhof Member shows a similar bimodal age distribution, with peaks at 
547, 569, 626 Ma (late Neoproterozoic) and at 1028 Ma (late Mesoproterozoic). A 
subordinate peak at 818 Ma is present, and only one Palaeoproterozoic zircon was 
measured (Fig. 9b, Chapter 2). 
Finally, it is of interest to remark that the deposition interval corresponding to the 
Nomtsas Formation (upper Schwarzrand Subgroup) and the Stockdale Formation 
(lower Fish River Subgroup) spanned, at least, the period between 539 +1 Ma and 531 
+9 Ma. 
4.8 DISCUSSION 
4.8.1 Petrography 
The sandstones from the Nama Group are, according to the Folk et al. (1970) 
classification scheme, predominantly subfeldsarenites in the Kuibis Subgroup changing 
to predominantly feldsphatic litharenites and litheranites in the Schwarzrand 
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Subgroup while up-section the feldspathic litharenites predominate. 
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The strong weathering that affected certain clasts such as lithic fragments made it 
sometimes very difficult (or impossible) to identify them, thus representing a barrier to 
the full use of the Gazzi-Dickinson method (Ingersoll et al., 1984). The measured Q tFL 
compositions indicate, in the ternary diagram proposed by Dickinson et al. (1983), a 
dominance of "recycled orogen" for the Schwarzrand and Fish River Subgroups and 
"craton interior" signature for the Kuibis Subgroup (Fig. 12). 
The Kuibis Subgroup can be characterized by mainly plutonic rather than 
sedimentary sources. Moreover, rounded stable grains such as quartz occur along with 
ultra-labile components like chlorite-rich or clay mineral-rich lithoclasts, of probable 
volcanic derivation. The influence of metamorphic sources is partly visible by the 
existence of polycrystalline quartz, but other metamorphic grains were not observed 
neither in the northern nor in the southern Nama Basin. Only in the lower units of the 
Kuibis Subgroup is a strong influence of plagioclase is observed, whereas above the 
Nomtsas unconformity the Nama Group shows a dominance of K-feldspar and clay-
rich lithoclasts. 
A major compositional change between the underlying Kuibis Subgroup and the 
overlying lower Schwarzrand Subgroup is marked by the absence of metamorphic 
debris within the latter. Chert clasts sporadically occur, whereas calcite clasts were 
deposited only in the Urusis Formation. In the upper Schwarzrand Subgroup 
(NomtsasNergesig Formations), sources rich in plagioclase and fine-grained 
sedimentary rocks influenced the detrital composition. Rare metavolcanic or highly 
altered volcanic lithoclasts can be found in the Niep Member. A first deposition cycle 
for the Niep Member can be argued based on the abundance of primary silicate 
minerals and lithic fragments (Dickinson et al., 1983). Furthermore, the occurrence of 
island arc-related chromian spinels and Mg-rich orthopyroxene with chromian spinel 
inclusions (see Chapter 3) suggest first-cycle detritus. 
The lower Fish River Subgroup evidenced dramatic changes in the provenance: 
K-feldspar rich sources dominate, Chert grains and gneiss fragments are commonly 
found as well as high amounts of polycrystalline quartz, reflecting the input of 
metamorphic sources. During the deposition of the Breckhorn and Stockdale 
Formations, plagioclase and volcanic and shale lithoclasts were added to the detrital 
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lithoclasts dominate the upper part of the Fish River Subgroup. mix. Monocrystalline 
quartz, K-feldspar and several sedimentary and clay mineral-rich 
Noteworthy changes in provenance are demonstrated by the change from 
plagioclase-rich sources (upper Schwarzrand and lower Fish River Subgroups) to K-
feldspar rich sources (upper Fish River Subgroup). Carbonates are recorded in the 
lower and middle Nama Group (Germs, 1983) as well as in the underlying Port Nolloth 
Group (Frimmel and Frank, 1998). However, carbonate clasts were not observed in the 
upper Nama Group. 
Moreover, in almost all siliciclastic units, labile lithoclasts such as clay mineral-
rich and chlorite-rich volcanic-derived grains consistently occur, together with rounded 
stable quartz and K-feldspar grains. Generally, a rarity of labile heavy minerals is 
observed, however, in the upper Fish River Group large amounts of unstable 
components were deposited in "black sands" bands (e.g. epidote, garnet, apatite and 
titanite, Blanco et al., 2006; see Chapter 2). 
4.8.2 Geochemistry 
Commonly used provenance discrimination diagrams, which use major elements 
(e.g. Bhatia, 1983; Roser and Korsch, 1986), have been demonstrated to fail to reflect 
the correct provenance on studies recent sediments (Armstrong-Altrin and Verma, 
2005). Hence they have no been used in this study. Recently Ryan and Williams (2007) 
demonstrated that the tectonic discrimination diagram of Bathia and Crook (1986), 
might be used with caution in combination with other techniques. 
Th/Sc and Zr/Sc element ratios are considered a robust provenance indicator and 
can reveal compositional heterogeneity in the sources along the trend from mantle to 
upper continental crust compositions (McLennan et al., 1990; Fig. 13a). The ratio 
between an incompatible element (Th) and a compatible element (Sc) therefore reflect 
to what degree the provenance was mafic or felsic, whereas the content of the element 
Zr reflects the quantity of recycling by the addition of the heavy mineral zircon. The 
sandstones of the Kuibis Subgroup show a dominant recycling component trend with 
zircon enrichment, with the exception of four samples from the Dabis Formation from 
the southern Witputs sub-basin (Fig. 2). Low values of Th/Sc are the characteristic of 
mudrocks with an average of 0.94, while the sandstones show an average of 1.87 
Nama Group provenance 	 118 
t (a) 
..,... 	 Upper tortimirttat trot 
. 	
1,4.4 
-ffie" 
et4, 	 0 
. 	 . 
its, • /* 
.... 
re. 
. 	 notatiskr 
4 	 4 a PIM( 	 41 	 a , 
• 
11111111 
0 .00,1000,,, 
nmetrcato 
4C) 
1.- 
1. 
..-rmppc4 fOrit 	 et 	 • 
I 	 I 	 14 4 Btlli 	 a 	 a 	 II 	 lit) 
* 
	 ♦ 	 4 
Si ts 
• 
• 
I . 
C 
, - 
;- 
i 
: 
- 	 cagsr_ft 
\... 
	
1) 	 A *11,11, 	 a 	 ._. 4101411 
MActretingen Mb. 
4 t'scmh Fan. 
Ncolbas-Vergtaig Emu 
1 	 6 ,1 111(11 	 A$ 	 I 	 i t n 11 
(e) 
r.opprr reettne4141 troll 0 
0
. 
ti to lc cravt' 
06 
- 	 (monk 
I 	 . t It MI 	 i 	 4 If 111111 I 	 1 • SAM/ 	 4 	 I tit" 
1000 
10 
:a 
nt 
.0t 
IA 
Fig 13. Samples from the Kuibis Subgroup in (a) Th/Sc vs. Zr/Sc diagram after McLennan et al. 
(1990). Mudrocks show the lowest values of Th/Sc caused by the mafic inputs. (b) Ternary tectonic 
setting discrimination diagrams after Bhatia and Crook (1986). Mudrocks show a continental arc 
tectonic setting (field B) and the sandstones a passive margin tectonic setting (field D). The fields 
A and C represent oceanic island arc and active continental margin respectively. Samples from the 
Schwarzand Subgroup in (c) Th/Sc vs. Zr/Sc diagram and (d) ternary tectonic setting 
discrimination diagram after Bhatia and Crook (1986). Note that two samples of the Niederhagen 
Member and all samples from the NomtsasNergesig Formations show a continental arc tectonic 
setting (field B). Samples from the Fish River Subgroup in (e) Th/Sc vs. Zr/Sc diagram showing 
high recycling and (f) ternary tectonic setting discrimination diagram showing samples cluster 
mostly within the passive margin tectonic setting (field D). 
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Table 1 
Mean elemental ratios and trace elements (ppm) of the Nama Group compared with sediment 
sderived from ocean island arc (OIC), continental island arc (CIA), active continental margin 
(ACM), passive margin (PM) and upper continental crust (UCC). 
La/Sc Th/Sc Ti/Zr Th/U Zr/Sc Nb/Y Eu* La* V Th Nb Ta La Sc Zr U 
MA' 	 0.4 	 0.1 50.0 2.1 4.9 0.11 -- 131 2.3 2 -- 9 19.5 96 1.1 
CUB 	 1.6 	 0.8 17.0 4.4 15.5 0.36 89 11.1 9 -- 25 14.8 229 2.5 
ACMa 	 4.1 	 2.4 14.5 4.8 22.4 0.43 48 18.8 11 -- 33 8.0 179 3.9 
PCM 2 	 5.6 	 2.8 7.4 5.2 49.7 0.30 31 16.7 8 -- 33 6.0 298 3.2 
UCCb 	 2.2 	 0.8 28.8 3.8 14.0 0.55 0.63 9.3 107 10.7 12 -- 30 13.6 190 2.8 
Kuibis Subgroup 
mudrocks 	 2.6 	 0.94 10.3 4.2 15.2 0.50 0.54 7.9 67 14.1 16 1.3 38 14.9 206 3.4 
sandstones 	 4.7 	 1.87 3.8 3.6 70.6 0.42 0.49 4.6 28 6.8 9 0.4 16.9 3.6 256 1.9 
Schwarzrand Subgroup 
lower 
	 6.1 	 1.82 6.1 4.6 70.2 0.52 0.56 9.4 55 9.4 15 0.7 31.7 5.2 365 2.1 
upper 	 4 	 1.17 12.8 4.2 21.3 0.45 0.63 7.6 54 9 13 0.9 30 8.7 147 2.3 
Fish River Subgroup 
9.6 	 2.08 6.6 4.5 57 0.65 0.57 9.8 41 9.4 13 0.7 31.7 5.2 245 2.1 
a Bhatia and Crook (1986), b McLennan et al. (2006), Eu*=Eu/Eu*, La*=La N/YbN 
(Table 1). This different behaviour between mudrocks and sandstones is probably a 
function of sedimentary sorting, because the erosion products of mafic igneous rocks 
are dominated by labile silicates that weather more rapidly than silicic minerals, 
generating significantly more mud (Cox and Lowe, 1995) and elevating the compatible 
elements such as Sc in the mudrocks after successive stages of sedimentation. 
Sedimentary reworking concentrates the stable heavy mineral zircon, and therefore 
concentrates the elements Zr and Hf in sandstones (McLennan et al., 1990). Plotting the 
Kuibis Subgroup on the ternary discrimination diagram of Bhatia and Crook (1986) the 
mudrocks and sandstones due to the sorting process (explained above) generally fall in 
the fields of continental island arc and passive margin settings, respectively (Fig. 13b). 
Two quartz-rich samples of the Niederhagen Member show relatively low Th/Sc 
values and could be related to a depleted component (mantle derived source) in the 
mixture compared with the overlying and underlying quartz-rich sandstones (Fig. 13c). 
The Urusis Formation shows the effect of recycling and plot in the passive margin field 
(Figs. 15a and b). Rocks of the NomtsasNergesig Formations display a cluster with 
rather low Th/Sc ratios but Zr/Sc ratios typical of non-reworked UCC material. Plotting 
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Fig. 14. Ti/Zr vs. La/Sc diagram (after Bhatia and Crook, 1986) showing the samples of the Kuibis 
Subgroup and the NomtsasNergesig Formations. They plot in the island arc setting because of the 
input from mixed mafic and felsic basement rocks and other depleted rocks. The lower Nama 
Group shows similar characteristics comparable with foreland basin deposits from the literature 
(grey squared field; data from Bahlburg, 1998; Zimmermann and Bahlburg, 2003; Zimmermann, 
2005). The Fish River Subgroup plots in a passive margin setting, evidenced by the high recycling 
that affected the entire unit, which led to misinterpretation of the correct tectonic setting. 
The Fish River Subgroup, in contrast, show a typical signature for recycled 
sedimentary rocks with some exceptions including the Haribes Member samples 
analyzed in the Chapter 2 (Fig. 13e). The tectonic setting according to the ternary 
diagram of Bathia and Crook (1986) is mainly a passive margin, reflecting the 
recycling that affected the entire Subgroup with few exceptions (Fig. 13 f). 
The average Hf concentrations for the Nama Group is in the order of —8 ppm 
(UCC=5.8), with strongly reworked deposits according to McLennan et al. (1990) 
rarely reaching 20 ppm. The NomtsasNergesig Formations show a decrease in the 
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average Hf concentration (4.8 ppm) as expected for an incompatible element, indicating 
less reworked deposits. 
The La/Th ratios for samples of the Kuibis Subgroup are generally homogeneous 
with values of 2.7 (Appendix 6), and thus typical for UCC (-2.8, after McLennan et al., 
2006), while the Schwarzrand and Fish River Subgroups show an increase of the La/Th 
ratios with averages of 3.1 and 4.3 respectively. 
Ti/Zr versus La/Sc ratios are plotted in figure 14. The samples of the Kuibis 
Subgroup are again divided, one group plots in or close to the passive margin field, 
while the other group (mudrocks) has much lower La/Sc ratios and points to an arc-
related provenance, probably due to sedimentary sorting. The samples of the 
Schwarzrand Subgroup of the Nomtsas/Vergesig Formation cluster around a typical 
non-reworked UCC value (star in Fig. 14). In contrast, the samples of the Urusis 
Formation cluster in two groups, one with ratios typical for a passive margin and other 
in a hybrid position between the arc and passive margin fields along with samples of 
the Niederhagen Member. The Fish River Subgroup shows a large spread in the La/Sc 
ratios, while the Ti/Zr ratios of these rocks are relatively homogeneous, as shown in 
figure 15. 
4.8.3 Provenance and basin evolution 
Lower Nama Group 
The Kuibis Subgroup unconformably overlies various strathigraphic units of the 
Port Nolloth Zone (Gariep Belt) and the Namaqua Metamorphic Complex (Germs, 
1972a; Saylor et al., 1995; Frimmel and Frank, 1998). The subgroup comprises two 
depositional sequences, each of them starting with coarse-grained fluvial to shallow-
marine sandstones and ending in subtidial limestones. The palaeocurrent analyses made 
by Germs (1983) pointed to an eastern source area, from the Kalahari Craton (Fig. 16). 
Sandstone petrography shows that they are polycyclic subfeldsarenites with a craton 
interior provenance (Fig. 12). A tectonic classification based on geochemistry is 
ambiguous, but could be helpful to understand the sorting process that affected these 
mature sediments as discussed above. Low values of Th/Sc, Zr/Sc and Th/U ratios of 
the mudrocks could be explained by the addition of a depleted component in an active 
tectonic setting. Syn-tectonic volcanic activity could be the reason for an input of fine- 
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Fig. 15. Palaeogeographic reconstruction of the Nama foreland basin during the deposition of (a) 
the Kuibis Subgroup, (b) the lower Schwarzrand Subgroup, (c) the upper Schwarzrand Subgroup, 
and (d) the Fish River Subgroup (adapted from Germs, 1983; Gresse and Germs, 1993). 
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grained volcanic material in mudrocks of the Kuibis Subgroup. Mafic volcanic activity 
probably occurred in the Gariep Belt (Frimmel and Frank, 1998) and ashes could have 
been transported by winds from west to east, typical for the southern hemisphere. 
Nevertheless, the preservation of these unstable components leaves the question as to 
why carbonate detritus from higher levels of the Port Nolloth Group were not 
incorporated into the detrital record of the Kuibis Subgroup as well. The volcanic 
material could also have been derived from the basement mafic successions such as the 
volcanic rocks of the Palaeoproterozoic Nuos Formation (Orange River Group; Reid, 
1977) or the early Proterozoic Port Nolloth Group (Frimmel and Frank, 1998). Detrital 
white micas of the Dabis Formation have yielded K-Ar ages of 1100 Ma, suggesting a 
provenance from the Mesoproterozoic rocks of the Namaqua Metamorphic Complex 
(Horstmann et al., 1990). It is probable that the mafic influence reflected a provenance 
from the Mesoproterozoic Namaqua Metamorphic Complex basement provenance, as 
its outcrops are exposed in the western edge of the Kalahari Craton, underlying the 
Nama Group (Evans et al., 2007). Based on the palaeocurrents and facies analyses (Fig. 
15a; Germs, 1983, Saylor et al., 1995), its possible to infer that isostatic rebound can 
led to the sub-aerial exposition of the Mesoproterozoic basement situated to east of the 
Nama basin and acted as a source of the Kuibis Subgroup (Fig. 15a). 
Middle Nama Group 
The Niederhagen Member, the stratigraphically lowermost unit of the 
Schwarzrand Subgroup, was lain down between ca. 549 and 545 Ma (Grotzinger et al., 
1995). The geochemistry and petrography of the siliciclastic Niederhagen Member 
show anomalous characteristics for quartz-rich arenites, and could be related to an input 
of a depleted (mantle derived) source linked to active tectonism in the Nama Basin 
(Fig. 15b). Channelled sandstones of the Niederhagen Member represent shallow 
intertidial to fluvial conditions overlying the Kuibis Subgroup (Germs, 1983). 
Palaeocurrent analyses (Germs, 1983; Germs and Gresse, 1991) suggests that the 
detrital material was derived from sources towards the north-west, directly from the 
Damara Belt and/or an exposed forebulge. The sandstones of the Niederhagen Member 
containing un-metamorphosed detrital chromian spinels suggest a source from a 
hypothetical volcanic arc within the adjacent Damara Belt (see Chapter 3), although no 
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such arc is exposed in the present days. The Audawib suite outcrops represent the only 
Neoproterozoic mafic rocks with volcanic arc geochemical signatures preserved in the 
Central Zone of the Damara Belt (De Kock, 1991). The chromian spinels of the 
Niederhagen Member probably could have first been deposited into a fore-arc basin of 
the Damara Belt, and later reworked into the Nama Basin. 
The overlying Urusis Formation (-549-539 Ma) is interpreted as having been 
deposited in an active tectonic foreland basin, based on sequence stratigraphy studies 
(Gresse and Germs, 1993; Saylor, 2003). The Urusis Formation constitute a mixed 
carbonate-siliciclastic succession which developed an extended carbonate ramp to the 
southwest of the Nama Basin (Figs. 15b and c; Germs, 1983). The petrography of the 
siliciclastic units shows partly less reworked material for certain stratigraphic layers, 
which are plagioclase-rich. These characteristics could mark the presence of locally 
exhuming source areas, as the weathering and alteration indexes are low for the Urusis 
Formation (Figs. 5b and 6). The sources had a UCC composition and less fractionated 
components are not evident. Detrital zircon dating of the Urusis Formation within both 
sub-basins indicates a dominance of Mesoproterozoic over Neoproterozoic ages (Figs. 
9a and b). The sample of the Urusis Formation from the northern Zaris sub-basin show 
peaks at 574, 652, 796, 1037 and 1260 Ma. The palaeocurrents, which shows derivation 
from the northeast point to exhumed or syn-sedimentary sources in the Damara Belt 
and its Mesoproterozoic basements (Fig. 15b; Germs, 1983), and is supported by the 
petrographic observations of labile volcanic lithoclasts and fine-grained intermediate to 
mafic rocks. 
The zircon peaks of the sample from the south of the Osis ridge (at 596, 683, 
1029, 1874 Ma) match the zircon distributions of the Rocha Basin, the Orangemund 
Group and Stinkfontein Subgroup of the upper Gariep Belt, (Basei et al. 2005) and 
suggest a derivation from the same source regions. Moreover, the lower Oranjemund 
Group is characterized by a dominance of chlorite-phyllite rocks (Basei et al., 2005) 
similar to the lithic grains found in the Urusis Formation which are also dominant in 
other units of the Nama Group. This implicates that arc-related or collision-related 
detrital material from the Gariep Belt could have reached the Nama Basin during the 
deposition of the Nudaus Member (Fig. 16). Carbonates in the overlying Huns Member 
deposited between 549 and 545 Ma (Grotzinger et al., 1995), which represent a major 
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provenance data of the Arroyo del Soldado Basin (Blanco et al., in press) and Nama Basin. 
CDPT: Cuchilla Dionisio-Pelotas Terrane. SBCMG: Sierra Ballena-Cangucii-Major Gercino 
Shear Zone. 
transgression in the Nama Basin, are indicative of tectonic quiescence in a marine 
environment with minor elastic input (Gresse and Germs, 1993; Saylor, 2003). Thus, 
the final collision and over-thrusting between the Kalahari and Rio de la Plata Cratons 
was not recorded in the Nama Basin at the time of deposition of the Huns Member. 
However, the latter hypothesis is in contrast to the interpretation of the timing of 
continent-continent collision given by several authors (Reid, et al., 1991; Frimmel and 
Frank, 1998; Basei et al., 2000; Basei et al., 2005). Reid et al. (1991) dated a 
metamorphic amphibolite dyke emplaced during transpressional tectonism in the 
Kalahari Craton, which yielded an 40Ar- 39Ar age of 545 ±2 Ma that was interpreted as 
the time of continent-continent collision between the Rio de la Plata and Kalahari 
Cratons. Moreover, according to Frimmel and Frank (1998), the peak of 
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metamorphism, which attained lowermost amphibolite-facies conditions, was reached 
due to the emplacement of the Marmora Terrane on top of the Port Nolloth Zone. 
Amphibolites from the Marmora Terrane yield hornblende plateau 40Ar-39Ar ages 
between 547 ±4 and 543 ±6 Ma indicating a collisional event before the closure of the 
Adamastor Ocean. Although the samples of the Nama Group were collected close to 
the outcrops of the Gariep Belt, detrital input from a typical collisional zone or orogen 
is not reflected in the adjacent Nama Basin, despite its interpretation as a peripheral or 
retro-arc foreland basin (Frimmel and Frank, 1998; Basei et al., 2005). The Urusis 
Formation probably receives sediment derivation from a compressive event process to 
the west of the Nama Basin (Saylor, 2003), and the provenance is indicative of thin-
skinned tectonics or small-scale crustal movements rather than large-scale regional 
geological events. However, the geochemical data could be explained without any 
collisional event to the west of the Nama Basin because extreme reworking is indicated 
by high Zr concentrations >1000 ppm (UCC=190 ppm; after McLennan et al., 2006), 
Th/Sc ratios up to 4.3 and Zr/Sc ratios usually above 30, with maximum values of 445 
(Fig. 13c). 
Upper Nama Group 
The Nomtsas Formation (-539-531 Ma) represents the first incursion of fluvial 
deposits (coarse-grained sandstones to conglomeratic deposits and red beds) since the 
beginning of the Kuibis Subgroup (Germs, 1983; Germs and Gresse, 1991). A relative 
sea level fall is probably related with syn-sedimentary tectonic activity in the orogen 
and generated a major unconformity at the base of the Nomtsas Formation (Gresse et 
al., 1996). A facies change takes place from reddish fluvial conglomerates and 
sandstones in the Zaris sub-basin to subtidial marine shales and limestones in the 
southern central part of the Witputs sub-basin (Fig. 15c; Germs, 1983). The zircon 
population of the Niep Member (Nomtsas Formation) is dominated by Neoproterozoic 
and Mesoproterozoic ages that display major peaks at 632, 902, 1057 and 1892 Ma. 
Th/Sc < 1 and less pronounced Eu-anomalies (usually over 0.7) for the sandstones and 
mudrocks of the Nomtsas and Vergesig Formations are indicative of a depleted (mafic) 
provenance component (McLennan et al., 1993) in a recycled orogen setting, as 
suggested by the QFL diagram plots. This points to the exhumation of the Damara Belt 
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before 540 Ma, as the palaeocurrents are directly derived from northern sources 
(Germs, 1983; Fig. 15c). However, recent comprehensive Ar-Ar dating of several rock 
types of the Damara Belt has led to the interpretation that basin closure between the 
Kalahari and Congo Cratons was not finalised before ca. 540 Ma, as the regionally 
important metamorphic peak took place at ca. 525 Ma (Gray et al., 2006). In the 
southwestern part of the Nama Basin, geochronology of micas indicates a thermal 
overprint which yield Cambrian ages (-506-496 Ma), and constrain the timing of the 
northeast-vergent folding and thrusting over the basin (Germs and Gresse, 1991; 
Frimmel and Frank, 1998; Gray et al., 2006). The input of volcanic material is 
corroborated by the preserved volcanic lithoclasts, euhedral chromian spinels and 
pyroxene with inclusions of chromian spinel characterized by a volcanic arc 
geochemical signature (see Chapter 3). This detrital record can explain the slight shift 
of Th/Sc ratios to values below 1 and slightly higher Eu/Eu* values (between 0.7 and 
0.85) and could also be explained by an input of volcanic material from the Damara 
Belt (Fig. 15c). 
The deposition of the Fish River Subgroup was dominated by braided rivers 
representing the "Molasse type" infill of the Nama foreland basin (Germs, 1974; 
Germs, 1983), and their palaeocurrent pattern could be indicative of direct derivation 
from the source area (Fig. 15d). Palaeocurrent patterns of the lower Fish River 
Subgroup show that most of the detrital material was derived from the west (Germs, 
1983). Zircon dating of a sample from the Wasserfall Member clearly indicates a 
preponderance of lower Cambrian and Neoproterozoic ages (76% of the analyzed 
zircons with peaks at 546, 591 and 637 Ma), and the sedimentation cannot be older than 
531 ±9 Ma. Thus, probably during the Lower Cambrian unroofing a felsic 
Neoproterozoic volcanic arc was unroofed and occurred and was the source of zircons 
for the lower Fish River Subgroup (Figs. 15d and 16b). 
Therefore the Nama Basin can be interpreted as a peripheral foreland basin 
related to the Damara Belt (Germs, 1995), and more likely was an intracratonic or 
retro-arc foreland basin with respect to the Gariep Belt, if an east-directed subduction 
regime is considered (Fig. 16b; Basei et al., 2005). Otherwise, if a west-directed 
subduction is inferred (Germs, 1995; Frimmel and Frank, 1998), thrusting and 
deformation in the northern (Damara Belt) and western (Gariep Belt) borders of the 
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Kalahari Craton were contemporaneous first with the closure of the northern Khomas 
Sea and the southern Adamastor Ocean later, and a peripheral foreland geometry 
existed on both fronts of the Nama Basin. Available evidence seems to suggest the 
validity of the model proposed by Basei et al. (2005) and reinforced by Gray et al 
(2006) and Goscombe and Gray (2007), although the final closure of the Adamastor 
Ocean probably occurred in the Cambrian. Along the eastern margin of the Rio de la 
Plata Craton (Figs. 1 and 16b), the provenance of the Ediacaran-Lower Cambrian 
Arroyo del Soldado Group indicates detritus was mainly derived from the Rio de la 
Plata Craton (Chapter 5, Blanco et al. in press). The detrital zircon dating clearly 
indicate populations dominated by Palaeproterozoic-Archaean detritus during upper 
Arroyo del Soldado deposition at ca. 540 Ma. Thus, the magmatic arc represented by 
the granites of Cuchilla Dionisio-Pelotas Terrane, which spanned the time interval 
between 550 and 650 Ma (Silva et al., 2005), was probably situated on the western 
border of the Kalahari Craton during the deposition of the Arroyo del Soldado Group 
(Fig. 16b). The African affinity of the eastern Mesoproterozoic domain and 
Neoproterozoic supracrustal rocks of the Rocha Group within the Cuchilla Dionisio-
Pelotas Terrane is well accepted (Figs. 1 and 16b; Bossi and Gaucher, 2004; Basei et 
al., 2005; Goscombe and Gray, 2007), and probably they acted as sources for the Nama 
Group (Fig. 16d). Current lines of thinking indicate that the Kaoko and Gariep Belts, 
and their counterpart the Cuchilla Dionisio-Pelotas Terrane in South America were 
parts of an active margin affected by transpressional tectonics, and that oceanic crust 
subduction was beneath the Kalahari and Congo Cratons (Goscombe and Gray, 2007). 
As the sediment supply of the upper Fish River Subgroup was derived from the 
north or northeast (Germs, 1983), the U-Pb detrital zircon populations obtained for the 
Haribes and Rosenhof Members indicate derivation from the Neoproterozoic Damara 
Belt and its late Mesoproterozoic basement (Fig. 16a, Blanco et al., 2006). The 
geochemical trend in the Fish River Subgroup is clearly towards a typical reworked 
succession, where high sedimentation rates allowed sorting and addition of resistant 
heavy minerals such as zircons. Detrital volcanic lithoclasts are present. The input of 
MORB-related chromian spinels is observed and interpreted as derived from mafic 
rocks of the Matchless Amphibolites (Chapter 3), and probably reflect the suture zone 
between the Kalahari and Congo Cratons (Miller, 1983, Kukla and Stanistreet, 1991). 
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Petrographic results on the "black sands" of the Haribes and Rosenhof Members (upper 
Fish River Subgroup) show strong garnet input among other metamorphic grains, most 
probably derived from metapelitic sources of the Damara Belt (Fig. 16a; Chapter 2). 
4.9 CONCLUDING REMARKS 
The lowermost Kuibis Subgroup is comprised of relatively recycled felsic 
sandstones and interlayered mudrocks, which are composed of a depleted source 
(mafic) mixed with upper crustal material. This was confirmed by petrographic studies, 
which showed the occurrence of detrital chlorite- and clay mineral-rich lithoclasts 
along with quartz. Metamorphic material and arc debris in the Kuibis Subgroup are 
absent. As the palaeocurrents indicate an eastern source in the Kalahari Craton, the 
mafic metamorphic Palaeoproterozoic-Mesoproterozoic basement is probably the 
depleted source detected in mudrocks of the Kuibis Subgroup. 
During Schwarzrand Subgroup deposition, plagioclase-rich sediments were shed 
into the Nama Basin, although the detrital material came from sources located in the 
north, east and west. U-Pb detrital zircon dating shows a dominance of Neoproterozoic 
and Mesoproterozoic ages for the Urusis Formation and demonstrates a derivation from 
the Damara/Gariep Belts in a foreland basin geometry. At the top of the Schwarzrand 
Subgroup, above the Nomtsas Formation unconformity, the first significant detrital 
metamorphic input took place. This can be traced stratigraphically up-section into the 
Fish River Subgroup. Detrital zircons from the Niep Member (Nomtsas Formation) 
from the north of Osis ridge display similar ages compared with samples from the 
Urusis Formation but the sediment supply was directly derived from the Damara Belt. 
The geochemistry of the Fish River Subgroup shows signatures typical of 
reworked sediments in a passive margin tectonic setting. Therefore the different 
discrimination diagrams based on trace elements used in this work fail to reflect the 
correct tectonic setting. Nevertheless, detrital zircon dating of the lower Fish River 
Subgroup (Wasserfall Member) indicates without any reasonable doubt the dominance 
of Neoproterozoic-Cambrian zircon ages, which were deposited in an active margin 
setting at the end of the Pan-African orogeny. As the palaeocurrents come directly from 
the west in an overfilled foreland geometry, the source can be traced directly into the 
Gariep Belt or further to the west into the Cuchilla Dionisio-Pelotas Terrane. Thus, 
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exhumation of the volcanic arc root of the Gariep-Rocha Belt represented by the 
Pelotas-Aigua Batholith may have occurred during the deposition of the Wasserfall 
Member, which has yielded a maximum depositional age of 531 ±9 Ma. 
U-Pb zircon dating of the upper Fish River Subgroup, combined with the volcanic 
material in the form of lithoclasts, detrital chromian spinels, and detrital garnets 
indicate sediment derivation from the Damara Belt and its basement during the lower 
Cambrian. 
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CHAPTER 5 
PROVENANCE OF THE ARROYO DEL SOLDADO GROUP 
(EDIACARAN TO CAMBRIAN, URUGUAY): PETROGRAPHY, 
GEOCHEMISTRY, Nd ISOTOPES AND DETRITAL ZIRCON DATING 
ABSTRACT 
The Ediacaran to Lower Cambrian Arroyo del Soldado Group represents a thick marine 
sequence cropping out on the eastern border of the Rio de la Plata Craton, Uruguay. 
This work present provenance data in terms of petrography, geochemistry, Nd isotopes 
and detrital zircons of different units representing the siliciclastic sedimentation of the 
Arroyo del Soldado Group. The lower part, the Yerbal Formation and the overlying 
carbonates of the Polanco Formation, are related to an open shelf which developed after 
rifting. U-Pb zircon dating of reworked detrital material from the Yerbal Formation 
shows a provenance with mainly Palaeoproterozoic ages (2.0-2.2 Ga). In average the 
Yerbal Formation shows TD M model ages of 2.1 Ga and zNd(t) values of -15. The middle 
part of the Arroyo del Soldado Group is characterized by deposition of coarse sediment 
(Barriga Negra Formation), that could be related to a sea level fall during non-global 
glaciation. The zircon ages reflect a major contribution from Palaeoproterozoic and the 
Neoproterozoic basement rocks, and constrain the maximum age of deposition to 566 
Ma. TDM model ages reflect Archaean (2.7 Ga) and Palaeo-Mesoproterozoic (1.6-1.9 
Ga) mantle extraction ages for the sources. The Archaean provenance component 
shows geochemical similarities with a mafic source characterized by high 
concentrations in Cr (350 ppm) and low Th/Sc (0.7). Up section during a sea level rise, 
deposition of BIF, shale and chert of the Cerro Espuelitas Formation occurs. The TDM 
age of 2.1 Ga suggests a provenance mainly derived from the Rio de la Plata Craton. 
The quartzarenites of the Cerros San Francisco Formation and carbonates of the Cerro 
Victoria Formation represent the upper part of the Arroyo del Soldado Group. U-Pb 
zircon dating of the Cerros San Francisco Formation shows a provenance mainly from 
the Palaeoproterozoic (2.0-2.1 Ga) and Archaean (2.5-2.9-3.5 Ga). The scarcity of 
Neoporterozoic zircons with TDM ages of 2.2-2.9 Ga and the extreme recycling that 
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affected the Cerros San Francisco Formation indicated by petrography and 
geochemistry do not fit with the hypothesis that the Arroyo del Soldado Group was 
deposited in a foreland basin close to a syn-tectonic magmatic arc. A tectonic scenario 
in which the Arroyo del Soldado Group was deposited in a passive margin before 
strike-slip collision with the Cuchilla Dionisio Pelotas Terrane at ca. 530 Ma is 
supported. 
5.1 INTRODUCTION 
A well established approach to evaluate the tectonic history of continental 
margins is to the study the provenance of sedimentary rocks (e.g. McLennan et al., 
1990; Bock et al., 1998; Morton and Hallsworth, 1999; Zimmermann and Bahlburg 
2003; Yan et al., 2006). Geochemical and Nd-isotopes analyses of sedimentary rocks 
are very effective in establishing the broad tectonic setting of the source region of 
elastic sedimentary rock. Combined with detrital zircon dating, they are a powerful tool 
to provide information regarding the timing of significant magmatic and metamorphic 
events in the source areas. Here we apply these methods to a Neoproterozoic to Lower 
Cambrian succession in Uruguay to gain insight into the tectonic evolution of SW 
Gondwana (Blanco et al., in press). 
Recent geochronological studies both in the Pan-African and Brasiliano belts 
(e.g. Schmitt et al., 2004; Gray et al., 2006) and in the Rio de la Plata Craton (Rapela et 
al., 2007; Gaucher et al., 2008) indicate that the assembly of SW-Gondwana was only 
completed by Cambrian to Early Ordovician times. The Neoproterozoic to early 
Palaeozoic Brasiliano Cycle (-900 to 500 Ma) is a critical event in the geological 
evolution of SW Gondwana, but its extent remains controversial (e.g. Basei et al., 2000, 
2005; Bossi and Gaucher, 2004). This paper adds quantitative data to one of the best 
studied Ediacaran to Lower Cambrian basins of SW Gondwana, the Arroyo del 
Soldado Group. This unit crops out in a key area of the Rio de la Plata Craton in central 
Uruguay, between regional fault zones and is in tectonic contact with the Cuchilla 
Dionisio Pelotas Terrane (Figs. la and b), which represents an exotic block of African 
affinity (Basei et al., 2005). 
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Fig. 1. Pan-African/Brasiliano orogenic belts and Ediacaran—Cambrian basins in southwestern 
Gondwana (modified after Gresse et al., 1996, Trompette et al., 1997 and Gaucher et al., 2005a), 
(a) GB: Gariep Belt, SB: Saldania Belt, DB: Damara Belt, NB: Nama Basin, ASB: Arroyo del 
Soldado Basin, SBB: Sierras Bayas Basin, CB: Camaqua" Basin, SP: Sierras Pampeanas, CrB: 
Corumba Basin, RB: Ribeira Belt, KB: Kaoko Belt, WCB: West Congo Belt, PB: Paraguay Belt, 
BB: Brasilia Belt, BP: Borborema Province, CDPT: Cuchilla Dionisio Pelotas Terrane. (b) TT: 
Tandilia Terrane, PA: Piedra Alta Terrane, NP: Nico Perez Terrane, PET: Punta del Este Terrane. 
ICR: Isla Cristalina de Rivera, SGA: Sao Gabriel Arc, PB: Porongos Belt, SBCMGSZ: Sierra 
Ballena-Cangucii-Major Gercino Shear Zone. 
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5.2 GEOLOGICAL SETTING 
5.2.1 Pre-Arroyo del Soldado units 
The Uruguayan Shield is composed of three major tectonic units, namely from 
west to east: the Piedra Alta Terrane (PAT), the Nico Perez Terrane (NPT) and the 
Cuchilla Dionisio-Pelotas Terrane (CDPT) which are separated by two continental-scale 
megashears, the Sarandi del Yi Shear Zone and the Sierra Ballena Shear Zone (Bossi et al., 
1998; Fig. 2). Both were active in the Neoproterozoic and early Palaeozoic times and are 
characterized by mylonites up to 8 km in thickness (Bossi et al., 1998). 
The Piedra Alta Terrane (Bossi et al., 1993) consists mainly of Palaeoproterozoic 
(1.9-2.2 Ga) granite-greenstone belts located to the west of Sarandi del Yi Shear Zone and 
intruded by the Piedra Alta mafic dyke swarm (1.72-1.79 Ga; Teixeira et al., 1999). South 
of the Colonia Shear Zone is the Tandilia Terrane (Ribot et al., 2005), which separates the 
southern portion of the Rio de la Plata Craton from the Piedra Alta Terrane. The Nico 
Perez Terrane (Bossi and Campal, 1992), to the east of Sarandi del Yi Shear Zone, is 
composed of Archaean and Palaeoproterozoic rocks (Hartmann et al., 2001) intruded by 
granitoids and covered by Neoproterozoic to early Palaeozoic (volcano) sedimentary 
successions. Bossi et al. (1998) suggest that the Nico Perez and Piedra Alta-Tandilia 
Terranes accreted in the Mesoproterozoic based on Ar-Ar ages of 1250 Ma from 
synkinematic muscovites along thrust planes in the Nico Perez Terrane (Bossi et al., 1998) 
and coeval thermal overprinting of mafic dykes in the Piedra Alta Terrane near the Sarandi 
del Yi Shear Zone (Teixeira et al., 1999). Different lithotypes in the Nico Perez Terrane 
comprise the basement of the Arroyo del Soldado Group (Figs. lb and 2a), and are 
summarized and compared with similar rocks of southernmost Brazil and Argentina in 
Table 1. 
The Cuchilla Dionisio Terrane (Bossi and Gaucher, 2004), to the east of Sierra 
Ballena Shear Zone, is mainly composed of Paleo to Mesoproterozoic metamorphic 
basement intensely reworked and intruded by granites between 680 and 550 Ma (Table 1). 
The Cuchilla Dionisio Terrane is the continuation of the Pelotas Terrane (Ramos, 1988) in 
southern Brazil and was interpreted as part of the Dom Feliciano Belt (Fig. lb; Babinski et 
al., 1996; Chemale Jr., 2000). This terrane is bounded to the west by the Sierra Ballena 
Shear Zone in Uruguay and by the Cangucit-Major Gercino Shear Zone in Brazil (Fig. lb). 
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Fig. 2. (a) Neoproterozoic-Cambrian (volcano) sedimentary successions in Uruguay, pre-Ediacaran 
basement rock of the ASG and some important intrusive granites. Numbers indicates the sample 
location. ICR: Isla Cristalina de Rivera, FDS: Florida Dyke Swarm (1.8 Ga), A: Archaean, PP: 
Palaeoproterozoic, M: Mesoproterozoic, NP: Neoproterozoic, C: Cambrian, NPDS: Nico Perez Dyke 
Swarm (0.6 Ga). Modified after Bossi et al. (1998, 2005), Gaucher (2000) and Hartmann et al. 
(2001). Numbers represent the sampled localities (see sampling and analytical techniques). 
Synthetic stratigraphic column of the ASG, after Gaucher (2000). BN Fm.: Barriga Negra 
Formation, C. Esp: Cerro Espuelitas Formation, CSF: Cerros San Francisco Formation, C.V. Fm.: 
Cerro Victoria Formation. 
Cross section A-A', modified after Gaucher (2000). 1: Piedra Alta Terrane (2.0-2.2 Ga) 2: 
Illescas Rapakivi Granite (1.75 Ga), 3: Valentines Formation (2.1-2.6 Ga), 4: Archaean Basement 
(2.6-3.4 Ga), 5: Arroyo del Soldado Group, a: Cerro Victoria Formation, b: Cerros San Francisco 
Formation, c: Cerro Espuelitas Formation, d: Barriga Negra Formation, e: Polanco Formation, f: 
Yerbal Formation, 6: Carape Group (ca. 1.7 Ga), and Neoproterozoic Granites, 7: Aigua Batholith 
(-0.6 Ga), 8: High grade gneisses (2.0-0.8 and 1.0 Ga), 9: Rocha Group, 10: post-tectonic granites 
(-550 Ma). SYPSZ: Sarandi del Yi Shear Zone, CPT: Cerro Partido Thrust, SBSZ: Sierra Ballena 
The Punta del Este Terrane, part of the Cuchilla Dionisio Terrane, is composed of a 
0.9-1.0 Ga migmatitic orthogneiss basement (Preciozzi et al., 1999), Neoproterozoic low-
grade siliciclastic meta-sedimentary cover (Rocha Group) and 570 Ma post-tectonic acidic 
magmatism (Cerros de Aguirre Formation; Campal and Gancio, 1993). Nd model ages 
(TDM) presented by Basei et al. (2000) suggest an African affinity for the Punta del Este 
Terrane (Table 1, Figs. 1 and 2). Basei et al. (2005) correlate the Rocha Group with 
supracrustal rocks of the Gariep Belt in the Kalahari Craton, South Africa (Fig. 1) based 
on U-Pb detrital zircon ages. 
5.2.2 Lithostratigraphy of the Arroyo del Soldado Group 
The Arroyo del Soldado Group (ASG) crops out over an area in excess of 30,000 
km2 in the Nico Perez Terrane (Fig. 2). The ASG represents a marine platform succession 
more than 5000 meters thick (Gaucher, 2000). The ASG unconformably overlies Archaean 
and Proterozoic rocks of the Nico Perez Terrane. The unit is composed, from base to top 
by the Yerbal, Polanco, Barriga Negra, Cerro Espuelitas, Cerros San Francisco and Cerro 
Victoria Formations (Gaucher, 2000; Fig. 2). Their main characteristics are summarized 
below: 
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The Yerbal Formation is a mainly siliciclastic fining-upward sequence representing 
the transgression of the Ediacaran Sea onto the Nico Perez Terrane. Sandstones occur at 
the base and banded siltstones dominate up section. At the top, subordinate BIF and 
dolostone interbeds occur. 
The Polanco Formation conformably overlies the Yerbal Formation representing a 
large carbonate ramp. The Polanco Formation is composed of limestones and lime stone-
dolostone rhythmites. The terrigenous components of the Polanco Formation are mainly 
composed of well rounded, sand-sized, quartz grains. 
The Barriga Negra Formation overlies the Polanco Formation above an erosional 
unconformity (Fig. 2b). The unit consists of conglomerates and breccias with carbonate 
clasts of the Polanco Formation at the base, passing into conglomerates and sandstones 
that include basement clasts up section. The Barriga Negra Formation represents stream-
dominated alluvial fans recording probably a major marine regression, with predominantly 
eastward paleocurrents. 
The Cerro Espuelitas Formation conformably overlies the Polanco and Barriga 
Negra Formations, and is made up of an alternation of black shales and siltstones, BIF, 
cherts and thin carbonate beds at the base (Fig. 2c). According to Gaucher (2000), the 
Cerro Espuelitas Formation represents a marine sedimentary environment, corresponding 
to a moderately deep shelf. 
The Cerros San Francisco Member overlies the Cerro Espuelitas Formation and the 
pre-Ediacaran basement with an erosional unconformity. It consists of quartzarenites and 
subordinate subfeldspathic sandstones, showing well-preserved sedimentary structures, 
such as ripples, trough and hummocky cross stratification indicative of deposition below 
storm wave base level (Fig. 2c). 
The Cerro Victoria Formation conformably overlies the Cerros San Francisco 
Formation and is characterized by intercalated micritic and oolitic dolostones, passing into 
stromatolitic dolostones up-section (Fig. 2b). Trace fossils (Thalassinoides) occur in the 
dolostones, which are indicative of a Lower Cambrian age (Sprechmann et al., 2004). The 
sedimentary environment is interpreted as a shallow well-oxygenated carbonate shelf. 
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Table 1. Representative Nd isotopic data and ages for different units of the southern Brasil, Argentina and 
Uruguay. 
Units and Rock Types Age (Ma) Tom (Ga) ENd 
Tandilia Terrane: 
A. Rio de la Plata Craton 
Montecristo granitoid 2264±743 2.544 + 2.52" 
Tandil dyke swarm (tholeiitic basalts) 1588±11 45 2.545 -7.245 
Piedras de Afilar Formation ca. 	 1 000- 
Sierras Bayas Group ca. 600-5424° 
Piedra Alta Terrane: 
Isla Mala Granite (granodiorite) 2065±9 1 2.1-2.42 
Piedra Alta dyke swarm 1727±103 2.4-3.8 4 -1.2 to -8.94 
Nico Perez Terrane: 
La China Complex (metatonalite) 3410±20 5 3.16 3.26 
Las Tetas Complex (metasediments) 2762±85 2.76 -24.8 6 
Illescas Rapakivi Granite 1784±5 9 n.d. n.d. 
Carape Complex (mylonitic granite) 1754±7 6 2.8-3.06 -13.46 
Lavalleja/Fuente del Puma Group: 
Metagabro 2.596 -9 
Metabasalt 590±2 6 1.58-2.96 -6.7 to -12 6 
Metabasalt 1208±10 1° 
Metamphibolite 1.74-2.66 -12 to +46 
Metasediments >60036 1.9-2.3 6 -12.9 to - 
Diorite Zapican 1.8 6  12.66 
Puntas del Santa Lucia Batholith 633±10 11 n.d. n.d. 
Arroyo Mangacha Granite 583±742 
Nico 	 Perez 	 dyke 	 swarm 	 (andesitic ca. 581±13 12 1.7-1.8 13 -0.2 to -3 13 
Sierra de Animas Formation (syenite) 520±5 4 n.d. n.d. 
Guazunambi Granite 532±11 38 n.d. n.d. 
Polanco Granite 548±11 39 n.d. n.d. 
Arroyo del Soldado Basin 
Las Ventanas Formation: ca. 615-58033 
La Rinconada Member basalt 61 5±3 034 n.d. n.d. 
Arroyo del Soldado Group: ca. 575-535 35 
Yerbal Formation 1.2-2.2 -0.9 to - 
Barriga Negra Formation <566±8 1.6-2.7 -6.2 to - 
Cerro Espuelitas Formation 2.1 -15.0 
Cerros San Francisco Formation ca. 540-535 35 2.2-2.9 -21.6 to - 
Isla Cristalina de Rivera: 
Valentines Formation: 
Granulites 2609±82 n.d. n.d. 
Trondjhemitic gneiss 2143±82 
Tacuarembo Block: 
Santa Maria Chico Granulitic Complex: 
Metabasalt (mafic granulites) ca. 2.55 (Ga) 8 2.78 + 3.33 
Metapelite (sillimanite gneiss) 2.8 8 +1.12 
Quartz feldsphatic gneiss 2.78 +3.32 
Camaqua Basin 
Marica Formation ca. >594±5 3° 
Lower succession 1.832 -11.9 to - 
Middle succession 2.2-2.4 32 -12.2 to - 
Upper succession 2.1 32 -14 to -15 
Born Jardim Group 
Pyroclastic 589±5 31 
Shoshonitic magmatism -1 
Andesites L3-1.6 19 -5 to -7 
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Table 1. (Continued) 
Acampamento Velho Formation 
Rhyolites 	 5 74±5 3I 
Mafic rocks 
1.3-2.026 
1.1-1.8 36 
-5.3 to - 
-2.9 to - 
Sao Gabriel Arc 
Cambai Complex: 
Diorite gneiss 	 704±13 14 1 .0-1 .2 15 +2.8 	 to 
Passinho metadiorite 
	
879±14 16 1.1' 5 +4.9 to 6.2 
Metatrondhjemite 	 735±10 16 1.0 15 +5.8 
Vacacai Supergroup: 
Metarhyolite 	 753±2 17 0.9 15 +7.8 
Pinheiro 	 Machado 	 Suite 	 806±17 18 2.3 15 -7.4 
Piratini gneiss (tonalite) 	 781±5 18 2.3 15 -8.6 
Porongos Belt 
Arroio dos Ratos gneisses: 
Calc-alkaline tonalite 	 2078±13 19 2.0 19 +6.6 
Porongos Sequence: 
Metandesite 	 783±820 1.8-2.721 -6.9 to - 
Metarhyolite 	 783±622 
Metasediments 	 <60036 1.7-2.721 -6.3 to - 
Cuchilla Dionisio-Pelotas Terrane 
Aigud-Pelotas Batholith: 
Aigua Granite 	 582±31 23 n.d. n.d. 
Capao do Ledo Granite 	 583±3 24 2.7 15 -3.7 
Encruzilhada do Sul syenogranite 	 594±5 25 2.2 15 -15.6 
Quiteria granodiorite 	 658±4 26 2.1 15 -7.5 
Punta del Este Terrane: 
Cerro Olivo Complex-Chafalote Metamorphic suite: 
Orthogneisses 	 1000-90027-28 1.8-2.428 -13 to -14.3 
Migmatites 	 762±8 7 
(zircon nuclei) 	 2058±107 
n.d. n.d. 
Cerros de Aguirre Formation (dacites) 	 572±8 11 
 n.d. n.d. 
Rocha Group (metasediments) 	 <59629 1.527 2.027 
Santa Teresa granites (granites) 	 ca. 55028 n.d. n.d. 
References: 'U-Pb SHRIMP, Hartmann et al. (2000); 2Sm-Nd, Preciozzi and Bourne (1992); 3Ar-Ar, Teixeira et al. 
(1999); 4Sm-Nd, Rb-Sr, Bossi et al. (1993); 5U-Pb SHRIMP, Hartmann et al. (2001); 6Sm-Nd, Mallmann et al. (2003); 
7U-Pb SHRIMP, Bossi et al. (2001); 8U-Pb SHRIMP, Sm-Nd; Hartmann et al. (1999); 9U-Pb SHRIMP, Campal and 
Schipilov (1995), 18K-Ar, Gomez-Rifas (1995); "U-Pb SHRIMP, Hartmann et al. (2002); ' 2K-Ar, Bossi et al. (1998); 
"Sm-Nd, Rivalenti et al. (1995); 14 U-Pb conventional, Babinslcy et al. (1996); 15Sm-Nd recalculation data of various 
authors after Gastal et al. (2005), 16U-Pb SHRIMP, Sm-Nd, Leite et al. (1998), 17U-Pb conventional, Machado et al. 
(1990); U-Pb SHRIMP: 18 Silva (1999); 19Leite et al. (2000), 20U-Pb conventional, Chemale Jr. (2000); 21 Sm-Nd, 
Saalmann et al. (2006); 22U-Pb SHRIMP, Porcher et al. 1999; 2312b-Sr, Preciozzi et al. (1999); 24Philipp et al. (2002); 
25U-Pb conventional, Babinsky et al. (1997), 26U-Pb SHRIMP, Frantz et al. (2003); 27U-Pb conventional, Sm-Nd, 
Preciozzi et al. (1999); 28 Preciozzi et al. (2003); 29U-Pb SHRIMP, Basei et al. (2005); "Remus et al (1999); 31 U-Pb 
conventional, Janikian et al. (2008); 32Sm-Nd, Borba et al. (2006); "Blanco and Gaucher (2005); 34K-Ar, Sanchez-
Bettucci and Linares (1996); 35Gaucher et al. (2003); 36Sm-Nd, Almeida et al. (2005); 37Basei et al. (2006); Rb/Sr 
38Kawashita et al. (1999), 39Umpierre and Halpem (1971); 40Gaucher et al. (2005); 41 Pamoukhalian et al. ( 2006), 42U-
Pb SIMS, Gaucher et al. (2008); 43 U-Pb SHRIMP, Cingolani et al. (2005); 44 Sm-Nd, Hartmann et al. (2002); 45U-Pb 
conventional, Sm-Nd, Teixeira et al. (2002). U-Pb conventional: U-Pb zircons dissolution methods. 
5.2.3 Age and evolution of the Arroyo del Soldado Group 
The ASG is folded, fault-bounded and intruded by several plutons of Palaeozoic 
age (Fig. 2a). Gaucher (2000) used mineral paragenesis, palynomorph-maturity, illite-
crystallinity (Kiibler Index) and calcite-twin morphology to show that the regional 
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metamorphic grade of the ASG never exceeded very low-grade conditions (at the 
gradational boundary between diagenesis and low-grade facies, with maximum 
palaeotemperatures of 200°C). Rapalini and Sanchez Bettucci (2008) describe low grade 
metamorphic conditions for the Yerbal Formation, however the petrographic evidence 
(e.g., illite and chlorite crystallization, quartz overgrowth, deformation bands) suggested 
by the authors are also frequently observed during late diagenesis (Morad et al., 2000). 
The ASG overlies the Puntas del Santa Lucia Batholith, which has yielded a U-Pb 
SHRIMP age of 633 ±11 Ma (Hartmann et al., 2002). Recently, Gaucher et al. (2008c) 
reported an U-Pb SIMS age of 583 ±7 Ma for the Mangacha Granite, which is overlain by 
the Cerros San Francisco Formation in the Cerro de la Sepultura area (Fig. 2a). The 
Guazunambi Granite intrudes the ASG and yielded a Rb-Sr whole-rock isochron age of 
532 ±11 Ma (Sri=0.70624; Kawashita et al., 1999). Cingolani et al. (1990) dated illite 
recrystallization in pelites of the ASG to between 532 ±16 and 492 ±14 Ma. The 
occurrence of the skeletal fossil Cloudina riemkeae in the Yerbal Formation along with 
well-preserved palynomorph assemblages indicate a late Ediacaran age for the lower and 
middle ASG (Gaucher, 2000). C, 0, and Sr-isotopic data also support a late Ediacaran age 
for the Yerbal, Polanco, Barriga Negra and Cerro Espuelitas Formations and a Lower 
Cambrian age for the Cerros San Francisco and Cerro Victoria Formations (Gaucher et al., 
2004). Therefore, deposition of ASG took place between ca. 575 and 535 Ma ago. 
Paleomagnetic results of the ASG suggest remagnetization at ca. 525 Ma (Rapalini and 
Sanchez Bettucci, 2008). 
On the basis of litho-, bio- and chemostratigraphic data, the ASG can be correlated 
with other Neoproterozoic-Early Paleozoic successions of South America (Corumba 
Group in Mato Grosso, Brazil; Sierras Bayas Group, Argentina) and Southern Africa 
(Gaucher and Germs, 2006), indicating a large shelf margin along the eastern side of the 
Rio de la Plata Craton (Gaucher et al., 2008c). 
5.3 SAMPLING AND ANALYTICAL METHODS 
Sample locations and their stratigraphic position are shown in figures 2a and 3: (1) 
Arroyo Yerbalito, (2) Calera de Recalde, (3) Quebrada de los Cuervos, (4) Piraraja 
(Barriga Negra Formation): a) parastratotype and b) stratotype, (5) Tapes Grande, (6) 
Arroyo La Pedrera, (7) Cerro Sepultura, (8) Arroyo Campanero, (9) Minas de Corrales. 
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Fig. 3. Samples are in stratigraphic order as defined in Gaucher (2000). The numbers between 
brackets represent different localities shown in Figure 2b. The empty circles indicate the 
stratigraphic position for the detrital zircons samples dated in this study. The black point indicates 
samples analyzed for Sm/Nd isotopes. 
dating. All sample preparation and petrographic, XRD, XRF, SEM and BSE analysis 
were carried out at the Central Analytical Facility (SPECTRAU) of the University of 
Johannesburg. INAA (Instrumental Neutron Activation Analysis) for certain trace 
elements were performed at ACTLABS (Ontario, Canada). 
U-Pb geochronology and Nd-isotope analyses were carried out at the 
Laborat6rio de Geologia Isotopica da Universidade Federal do Rio Grande do Sul 
(LGI-UFRGS; Porto Alegre, Brazil). Detailed explanation of the analytical methods 
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and conditions used in this study are given in the data repository (Appendix 1). 
5.4 RESULTS 
5.4.1 Petrography 
Petrographic descriptions were first published by Gaucher (2000) in a 
comprehensive stratigraphic survey. They are reviewed here and, where necessary 
regarding the objective of this provenance study, complemented with new data. For a 
detailed petrographic description see Appendix 5. 
Sandstones of the Yerbal Formation are typically, medium- to coarse-grained, 
moderate to well sorted subfeldspathic and feldspathic arenites, and very fine- to 
medium-grained well sorted quartzarenites. Monocrystalline, well-rounded quartz with 
undulatory extinction is the dominant clast type. The polycrystalline type is subordinate 
and well rounded. K-feldspar is more common than plagioclase (albite), and both of 
these well-rounded minerals are often altered to sericite. Rock fragments (<5%) are 
mainly of sedimentary (e.g., mudrock) and metamorphic (e.g., quartzite) origin. The 
clay matrix (<5%) is composed of sericite-illite and chlorite and is cemented by 
secondary quartz overgrowths and hematite. Accessory minerals include well-rounded 
zircon, rutile, tourmaline and apatite (in order of decreasing abundance), as well as 
muscovite and biotite. Banded siltstones are predominant and composed of 
monocrystalline quartz and subordinate microcline grains while the clay fraction (30%) 
is made up of sericite-illite, oriented parallel to the bedding planes. 
Conglomerates of the lower Barriga Negra Formation are clast-supported with 
maximum clast sizes of 30 cm. The matrix is composed of carbonate-rich sands and 
cemented by sparry calcite and hematite. Up section, clast roundness increases and 
maximum grain-size decreases from 30 to 2 cm. Clast composition changes and a major 
clast input from the Archaean basement rocks is observed (quartzite lithoclasts), while 
basal levels are dominated by carbonate clasts from the Polanco Formation. Towards the 
top of the formation, feldspathic arenites and lithic feldsarenites as well as siltstones are 
interbedded with conglomerates. The sandstones are poorly sorted and coarse-grained. 
Subangular polycrystalline quartz is abundant. Microcline and orthoclase are the 
dominant feldspar grains. Rock fragments (<10%) are mainly of siltstone, quartzite and 
phyllite, apart from a few chlorite-rich metavolcanic rock grains. The matrix is 
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recrystallized to fine-grained white mica and chlorite (<5%) cemented by secondary 
quartz and calcite. Accessory minerals include well rounded and euhedral zircon, 
tourmaline, rutile and apatite. The finer-grained sandstones show similar compositions, 
but include grains of mafic material containing tremolite and chlorite. Detrital laths of 
chlorite (chrome-rich chlorite and chamosite) are abundant, usually showing preferred 
alignment with long axes parallel to S o. Tourmaline (<300 pm) is the most common 
accessory mineral. Zircons (<250 pm) appear in euhedral and rounded shapes. Others 
accessory minerals are epidote and apatite. Sparse mudrocks are laminated and green in 
colour. Small, silty clasts (<63 tirn) of plagioclase and quartz are found in the matrix, 
which contains glauconite, calcite and illite. Some layers are enriched in organic mater 
and micro fossils. 
Mudrocks of the Cerro Espuelitas Formation are laminated and contain organic 
matter and are intercalated with siltstone. The siltstones are rich in illite, while the 
mudrocks show larger grains of quartz in a matrix of illite (20%). 
The Cerros San Francisco Formation is composed of well to very well sorted, 
fine- to medium-grained quartz-arenites with minor occurrences of subfeldspathic 
arenites. The rocks contain nearly 95% rounded quartz, with monocrystalline, non-
undulose quartz being more abundant than polycrystalline varieties. Feldspar content 
never exceeds 5%, and is mainly perthitic orthoclase and microcline, with minor 
plagioclase. The matrix (<1%) is composed of illite and cemented by secondary quartz 
overgrowths and hematite. Higher degree of pressure-solution during burial diagenesis 
is indicated by serrated sutures and concave-convex contacts between quartz clasts. 
Accessory minerals include muscovite, tourmaline, and rounded zircon (60-70 pm in 
diameter). 
5.4.2 Geochemistry 
Whole-rock element composition is presented in Table 3 of Appendix 6 and 
mean elemental ratios and trace elements are presented in Table 2. As sediments 
experience higher degrees of weathering and/or recycling under oxidizing conditions, 
the Th/U ratio typically increases, because U 4+ oxidizes to the more soluble U 6+ species 
and is thus removed from sediments (McLennan et al., 1993). Th/U ratios for the ASG 
show values close or above the upper continental crust (UCC) (with exceptions) typical 
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for recycled UCC (McLennan et al., 1993) with ratios higher than 3.8. The exceptions 
are samples enriched in U over Th with respect to UCC (see Table 2) and might be 
explained by higher feldspar concentrations and thus, possible U enrichment (sample 
980331/2) and/or high concentration of organic matter, which can concentrate certain 
metals (sample 041106/1). Samples of the Barriga Negra and Cerro Espuelitas 
Formations mostly show depletion of U, with values close to typical UCC (2.8 ppm; 
McLennan et al., 2006) resulting in Th/U ratios above 3.8, and out of the range of 
predictable weathering trends for typical UCC (Fig. 4). The sandstones of the 
Table 2. Mean elemental ratios and trace elements (ppm) of the ASG compared with sediment derived 
from ocean island arc (OIC), continental island arc (CIA), active continental margin (ACM), passive 
margin (PM), upper continental crust (UCC) and Archaean upper continental crust (AUCC) 
La/Sc Th/Sc Ti/Zr Th/U Zr/Sc CrN Cr/Ni Y/Ni Cr/ThLa Sc V Th Nb Ta Cr Ni Y Zr Ti% U 
°IA' 	 0.4 	 0.1 	 50.0 2.1 4.9 0.3 3.4 1.8 16.3 9 19.5 131 2.3 2 37 11 20 96 0.48 1.1 
CIA' 	 1.6 	 0.8 	 17.0 4.4 15.5 0.6 3.9 1.9 4.6 25 14.8 89 11.1 9 51 13 24 229 0.39 2.5 
ACM' 4.1 	 2.4 	 14.5 4.8 22.4 0.5 2.6 2.5 1.4 33 8.0 48 18.8 11 26 10 25 179 0.26 3.9 
PCMa 	 5.6 	 2.8 	 7.4 	 5.2 49.7 1.3 4.9 3.4 2.3 33 6.0 31 16.7 8 39 8 27 298 0.22 3.2 
UCCb 	 2.2 	 0.8 	 28.8 3.8 14.0 0.8 1.9 0.5 7.8 30 13.6 107 10.7 12 83 44 22 190 0.55 2.8 
AUCC 1.4 
	 0.4 	 40.0 3.8 8.9 0.9 1.7 0.2 31.6 20 14.0 195 5.7 -- 180 105 18 125 0.50 1.5 
Yerbal Formation 
coarse 	 6.1 	 1.7 	 12.4 3.4 35.1 1.5 1.8 0.5 5.0 26 4.3 25 7.4 6 0.6 37 21 10 149 0.19 2.2 
fine 	 2.6 	 0.7 	 28.1 5.5 11.6 1.0 2.3 1.0 7.4 40 15.5 76 10.5 15 1.0 78 33 33 180 0.50 1.9 
Barriga Negra Formation 
coarse 	 4.2 	 1.2 	 13.9 6.9 16.8 4.5 3.0 0.3 17.4 36 8.7 39 10.3 10 1.8 179 61 21 145 0.20 1.5 
fine 	 3.2 	 0.9 	 21.9 4.2 15.4 1.3 1.7 0.7 7.7 42 13.1 65 11.3 17 1.9 87 51 35 202 0.44 2.7 
Cerro Espuelitas Formation 
fine 	 3.1 	 0.9 	 21.5 6.6 15.3 2.6 3.1 0.5 12.3 36 12.0 52 11.2 13 1.0 138 45 22 184 0.39 1.7 
Cerros San Francisco Formation 
coarse 
	 67.0 3.0 	 7.1 	 4.0 	 149.69.4 7.2 0.2 62.5 26 0.4 8 1.2 3 0.3 75 10 2 60 0.42 0.3 
a Bathia and Crook (1986). 
b McLennan et al. (2006). 
Taylor and McLennan (1985). 
Cerros San Formation are diluted in both elements and most samples point to a slight 
recycling of the detrital material, with variations in Th/U ratios typical for quartz-rich 
sediments (McLennan et al., 1993). 
Normalisation of clastic rocks to typical UCC grouped according to the grain 
size (Fig. 5) shows similar patterns and no great deviation with respect to the UCC. 
Typically, the compatible elements are concentrated in the finer fraction as they are 
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hosted in easily weathered mafic minerals (e.g., Sc in pyroxene or amphibole) which are 
San Francisco Fm. 
A Cerro Espuelitas Fm. 
Barriga Negra Fm. (coarse) 
Barriga Negra FM. (fine) 
O Verbal Fm. (coarse) 
Verbal Fm. (fine) 
0 
A 
Ole 
IM._
• 
n 0 
• 	 •  
Uranium 
Sources 
n•n••n•••••••••n•.••n•......m.*•n•n•••••nn••n••n• n••••..............................i 
I 	 1 1 1 1 111 	 1 	 I 	 1 t 1 1 111 	 1 	 1 	 4 1 111 
	
t. 	 10 	 l Ott 
Th (ppm) 
Fig.4. Normalization of average values of selected major and trace elements of the ASG to the UC 
(Upper Continental Crust; McLennan et al., 2006). See text for discussion. 
susceptible to breakdown, while incompatible elements such as Zr or Th are 
concentrated in more conditions, the Th/U ratio typically increases, because U 4+ 
oxidizes to more soluble U6+ species and removed from sediments (McLennan, 1993). 
Th/U ratios for the ASG shows values close or above the UCC (with the exceptions) 
typical for recycled UCC (after McLennan et al., 1993) with ratios higher than 3.8. The 
resistant minerals such as zircon and monazite respectively (McLennan et al., 2006). No 
significant enrichment in Cr, no elevated ratios of Cr/Th, Cr/V, Y/Ni relative to UCC 
are observed discarding the influence of mafic source rocks. 
Average REE abundances normalised to chondritic values (Fig. 6) for different 
facies of the Yerbal, Barriga Negra and Cerro Espuelitas Formations are relatively 
similar to the PAAS (Post-Archaean Australian Average Shale; Taylor and McLennan, 
1985) pattern. The Eu anomaly (Eu/Eu* —0.5-0.6) points to a significant absence of 
Ca-plagioclase, either in the source region of the samples or due to loss during 
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Fig. 6. Chondritic normalized (after Taylor and McLennan, 1985) average REE pattern for of the 
Yerbal, Barriga Negra, Cerro Espuelitas and Cerros San Francisco Formations compared with the 
PAAS (Post Archaean Australian Shales). 
redistribution of REE during diagenesis were not detected (Fig. 5). Although the 
average LaN/YbN ratios of ASG samples are typical of UCC (values above 6.8 are 
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regarded as typical for UCC; McLennan et al., 1993), a number of samples show high 
ratios (e.g., 26.3 in 041108/3B of Barriga Negra Formation; 27.8 in 980331/2 of 
Yerbal Formation; see Table 3 of the Appendix 6). 
These relatively steep patterns are caused by depletion of mineral phases 
enriched in HREE and/or increase of those enriched in LREE, such as apatite and 
monazite, which are abundant in intermediate to felsic rocks. This pattern may also 
reflect the low accumulation of zircons and the absence of garnet, two heavy minerals 
that fractionate HREE over LREE (Taylor and McLennan, 1985). 
Elemental ratios widely used in provenance analyses, such as Th/Sc, Zr/Sc, 
La/Sc of the ASG are generally above those for the UCC (Table 2) indicating high 
zircon contents and recycling of the sediments. 
5.4.3 Nd-isotopes 
The application of Sm-Nd isotope to sedimentary rocks has proven to be a 
powerful tool for characterizing provenance (McLennan et al., 1990). Even 
considering possible slight modification of the Nd isotope parameters (147Snv,144Nd and 
143— .,144 NCU Nd ratios) during the sedimentary cycle (e.g., Zhao et al., 1992), they can 
characterize sediments and sedimentary rocks well. 
Nd isotope distributions in the Yerbal Formation reveal a wide range of ENd and 
Nd model ages (T DM), both calculated after DePaolo (1981, Table 3). Samples 
deposited in the southern and eastern part of the basin area have ENdt=550Ma as low as -
14 to -17 with TDM ages of around 2.1 Ga. Samples from the northern part of the basin, 
however, comprise much younger detrital material (P-- \--Ndt=550Ma -0.6 to -1.1; T DM ages of 
1.2 Ga). Four samples of the Barriga Negra Formation show three distinct detrital 
mixtures reflecting the immaturity of these deposits. Two samples exhibit the youngest 
(earliest Mesoproterozoic) (ENdt=545Ma -6.2 to -7; TD M — 1.6 Ga), while one sample 
shows a Paleoproterozoic model age (T DM = 1.9 Ga; eNdt=545Ma -15) which is common 
in Uruguay (e.g., Mallmann et al., 2007). In contrast, one sample, points to the 
influence of Archaean material (Cisidt=545Ma -20; T DM = 2.7 Ga). The representative 
sample of the Cerro Espuelitas Formation shows a Palaeoproterozoic T DM age (2.1 
Ga), typical of the basement of the Rio de la Plata Craton (e.g., Pankhurst et al., 2003; 
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Table 3. Sm-Nd isotopic data and selected ratios obtained for analyzed samples of the Arroyo del Soldado 
Group 
Formation/sample Arnim 
	 147s rn/1 44N 143 sm1144N ENO ENd 	 TDM 	 Eu/ LaN/Yb Th/ 
(Ga) 
Verbal Formation 
980331/6 	 0.3991 	 0.1182 0.5123 -6.7 -0.9 1.19 0.6 9.6 0.4 
980331/5 	 0.3848 	 0.1210 0.5123 -5.9 -0.4 1.18 0.6 5.4 0.4 
041106/9 	 0.4265 	 0.1128 0.5116 - - 2.06 0.7 15.9 0.7 
041118/10 
	 0.4627 	 0.1057 0.5114 - - 2.18 0.6 10.4 0.7 
Barriga Negra Formation 
041107/5 	 0.4022 	 0.1176 0.5120 -6.6 1.62 0.6 9.5 0.9 
041107/9 	 0.3822 	 0.1215 0.5109 - 2.67 0.5 8.4 0.7 
041108/3B 	 0.5264 	 0.0931 0.5115 - - 1.90 0.6 26.3 3.1 
970410/2 	 0.4050 	 0.1170 0.5116 -6.2 1.57 0.6 10.1 0.8 
Cerro Espuelitas Formation 
970320/4 	 0.4342 	 0.1113 0.5116 - - 2.13 0.5 11.8 1.0 
Cerros San Francisco Formation 
041116/8 	 0.4326 	 0.1116 0.5110 - 2.89 0.6 170.6 9.5 
041108/6 	 0.5676 	 0.0850 0.5108 - - 2.19 0.7 43.9 2.0 
cat) calculated using the depositional age of ASG: Yerbal (570Ma), Barriga Negra (560 Ma), Cerro 
Espuelitas (550 Ma), and Cerros San Francisco (540 Ma) Formations, according De Paolo (1981). 
Cingolani et al., 2005) with ENdt=545Ma of -16. Samples of the Cerros San Francisco 
Formation are unexpectedly different and point to two possible source components, 
one Palaeoproterozoic (ENdt=sed  -21; TDM = 2.2 Ga) and an Archaean one (eNdt=sed -26; 
TDM = 2.9 Ga), both found also in the Barriga Negra Formation (Table 3). 
5.4.4 Detrital zircon ages 
The analyzed zircons were randomly selected to avoid bias towards any given 
sub-population (Fig. 7 of Appendix 3). The selection of zircon grains included each 
morphological type observed, so that the possibility of omission of zircons from minor 
age groups can be minimized. However, based on the rather low number of zircons, the 
objective of this study is not to exclude a certain population (e.g., Andersen, 2004). 
Nevertheless, if more than 30 zircons are analyzed, the probability of sampling an age 
group that represents at least 10% of the population is about 95% (Dodson et al., 
1988). 
Figure 6a displays the zircon distribution of the Yerbal Formation with a 
dominance of Palaeoproterozoic zircons (-75% of concordat analyses) with ages 
ranging from 1898 to 2220 Ma. However, more than half of these zircons were derived 
from only two magmatic events (2197 ±2 Ma and 2191 ±2 Ma) closely related in time. 
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Fig. 7. Back scattered electron image and probability U-Pb zircon age distributions in Ma for all 
concordant analyses of detrital zircons in the ASG using the ISOPLOT program Ludwig (2003). (a) 
Yerbal Formation (n= 28), (b) Barriga Negra Formation (n=34) and (c) Cerros San Francisco 
Formation (n=39). The white circle represents the laser ablation spot and is 25 p.m in diameter. 
A second significant input is derived from Late Mesoproterozoic rocks (1009 to 
1063 Ma; 17 %). The oldest zircon is of Mesoarchaean age (3027 Ma), while the 
youngest, and the only Neoproterozoic, zircon has an age of 664 Ma. These data are 
different from those presented by Gaucher et al. (2008) for the southern part of the 
basin, where a unimodal population around 2450 Ma was recognized. Gaucher et al. 
(2008) pointed out that their sample, a coarse-grained feldspathic arenite, reflects local 
source rocks. Detrital zircons of the Barriga Negra Formation (Fig. 6b) display a major 
peak in the late Palaeoproterozoic (1795-1723 Ma; 42%) and another important peak of 
Cryogenian and Ediacaran age (631 to 566 Ma; 29% of concordant zircons). However, 
Mesoarchaean zircons are abundant as well (2890 to 3155 Ma; 25 % of the concordant 
grains) and only two grains are Palaeoproterozoic in age (2157 to 2284 Ma). A 
maximum depositional age for the deposition of Barriga Negra Formation is 
constrained by the youngest zircon, at 566 ±8 Ma, in agreement with biostratigraphical 
data (Gaucher, 2000). Detrital zircons of the Cerros San Francisco Formation (Fig. 6c) 
display a dominance of Palaeoproterozoic sources (67% of concordant grains) in the 
age range of 1990 to 2122 Ma, along with grains derived from Archaean rocks (28% of 
concordant grains). One zircon shows a Neoproterozoic age (605 Ma) (see Table 9 of 
Appendix 3). 
5.5 DISCUSSION 
5.5.1 Provenance 
Petrography 
Petrographic constraints indicate that the clastic rocks of the ASG are mainly 
derived from metamorphosed felsic rocks. Volcanic lithoclasts and volcaniclastic 
grains were not observed and only reduced input from sedimentary sources is visible. 
The Yerbal Formation comprises detrital material from (meta)sedimentary rocks 
and sources either containing more K-feldspar than plagioclase. In contrast, the 
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younger Barriga Negra Formation shows a much wider composition with the 
occurrence of a few metamorphosed mafic grains. Metasedimentary sources dominate, 
followed by un-metamorphosed sedimentary rocks. As the rocks are compositionally 
immature, a short distance between source and sink can be inferred and demonstrates 
the variety of basement rocks exposed during the deposition of the Barriga Negra 
Formation. As more K-feldspar than plagioclase was observed in these units, they 
probably derived from granitic sources. 
Samples of the Cerro Espuelitas Formation are rich in quartz and clay minerals. 
It is uncertain if the clay minerals are of detrital origin or if the high amount of illite is 
a diagenetic product (e.g., Dickinson, 1970; von Eynatten et al., 2003). The uppermost 
clastic formation (Cerros San Francisco Formation) is mainly composed of well 
rounded quartz and is well sorted. It was probably deposited under warm climatic 
conditions, and is interpreted as strongly reworked (Gaucher, 2000). 
In summary, the entire succession reflects a wide spectrum of mainly igneous 
to metamorphic debris derived from the basement. However, some lithotypes reflect 
high quartz contents and includes non-undulose grains together with unmetamorphosed 
siltstone clasts, hence unmetamorphosed pre-ASG sources are envisaged. The 
underlying Las Ventanas Formation represents a probable source, which contains a 
thick siltstone package at the top of the formation (Blanco and Gaucher, 2005). 
Whole rock geochemistry 
Trace elements are particularly useful for provenance analysis, because they are 
insoluble and usually immobile under surface conditions and therefore reflect the 
source rock composition (Taylor and McLennan, 1985; McLennan et al., 1990). 
Certain trace elements can provide hints of sorting processes, as they occur mainly in 
one specific heavy mineral, such as Zr in zircon or Ti in rutile and both survive 
reworking. Ryan and Williams (2007) showed the utility of Ti for tectonic 
classification of source, of V and Sc for identifying volcanic sources, and Zr and Th to 
differentiate between active-margin and passive-margin sources. Th/Sc and Zr/Sc 
element ratios are considered as robust provenance indicators (McLennan et al., 1990), 
with the Th/Sc ratio an indicator of the fractionation of the magmatic detrital material, 
while the Zr/Sc ratio display the grade of reworking in clastic sedimentary rocks 
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Fig. 8. Th/Sc vs. Zr/Sc after McLennan et al. (1990). The fine-grined ASG sediments are 
characterized by an un-recycled UCC composition. Sorting between sands and muds probably 
concentrate the compatible element Sc over the incompatible Th element in the fine fraction. The 
latter is supported by the preferential physical and chemical breakdown of Sc-bearing mafic minerals 
(e.g. pyroxene, McLennan et al., 2006). The highly reworked quartzarenites of the Yerbal and Cerros 
San Francisco Formation shows the addition of zirconium respect others more labile heavy minerals 
Sc bearing. Star indicates UCC composition. 
The ASG is characterized by moderately altered samples, with significant 
chemical weathering of K-feldspars (see Table A of the data repository). Th/U ratios 
are comparable or above to UCC and reflect strong reworking (Fig. 3b). Quartzarenites 
of the Yerbal Formation display elevated Zr/Sc ratios (>30) and slightly evolved Th/Sc 
ratios above 1.2 (Table 2; Fig. 8). Feldspar-rich arenites vary from typical UCC values 
to those slightly high in Zr/Sc and Th/Sc ratios. In contrast, all fine-grained samples 
reflect a typical unrecycled UCC composition. Rocks which received large amount of 
U and Th-rich detritus (e.g., zircon) are characterized by increased Zr/Sc ratios (>10) 
and higher Th/Sc ratios (>1) as shown in figure 8. 
Samples of the Barriga Negra Formation reflect either unrecycled UCC 
material or slightly recycled Archaean upper crust (star in Fig. 8). The variations in 
these two element ratios demonstrate also the poor mixing of these rocks (Table 2). 
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Fig. 9. Ti/Zr vs. La/Sc tectonic discrimination plot (Bhatia and Crook, 1986). Note the highly 
dispersed data, which are not indicative of a tectonic setting for the lower ASG. The quartzarenites 
of the Cerro San Francisco Formation clearly point to a passive margin tectonic setting. Grey field 
indicate a data recompilation by McLennan et al. (1990) of modern deep-sea turbidites deposited at 
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of the Cerro Espuelitas Formation show a similar trend. This can be explained either 
by 100% recycling of typical UCC material or by mixing of two sources resulting in 
such a composition. This trend changes substantially in the Cerros San Francisco 
Formation, which seems to be strongly reworked and points to a different stage of the 
basin evolution. 
A similar scenario can be demonstrated in figure 9, which discriminates the 
tectonic setting for the detrital mix. Here, silica-rich rocks of the Yerbal Formation 
point to a source with high La/Sc ratios, interpreted as a rifted or passive margin 
composed of older crustal material. The fine-grained samples display an active 
continental margin or continental arc signature. The Barriga Negra and Cerro 
Espuelitas Formations, despite their different sedimentological characteristics, show 
nearly identical characteristics in figure 9 and their detrital mix reflects the 
composition of an arc terrane or active continental margin. 
The influence of mafic source rocks (e.g., ophiolite) is usually evidenced by 
ferromagnesian mineral abundances, resulting in high Cr/V ratios (>8). Cr/V ratios 
indicate enrichment of Cr over other ferromagnesian trace elements pointing to the 
existence of mafic source rocks (McLennan et al., 1993). Only the lithic feldsarenites 
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of the Barriga Negra Formation show higher Cr/V values in the ASG (4 to 7; UCC = 
0.78), indicating that the mafic component locally played a more important role than in 
the rest of the units (Table 2). EDS analysis of the lithic feldsarenite, sample 041107/9 
(350 ppm of Cr) evidenced that the chromium is concentrated in detrital Cr-rich 
chlorites, and along with a TDM age of 2.67 (Table 3) may indicate a mafic Archaean 
rock as the source. 
Nd isotope geochemistry 
Table 3 shows that sedimentary mixing of Sm and Nd isotopes is poor in most 
of the formations as demonstrated by the significant spread in Nd isotopic ratios, 
especially in the case of coarser grained samples. 
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Fig. 10. Nd isotopic evolutionary diagrams modified after Gastal et al. (2005) representing crustal 
rocks of Rio de la Plata Craton (references in Table 1). The field of the Early Brasiliano Orogeny 
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SMC (Santa Maria Chico Granulitic Complex, Tacuarembo Block). The mantle evolution curve is 
for depleted mantle DMM from Goldstein et al. (1984). CHUR: chondrite uniform reservoir 
(DePaolo and Wasserburg, 1976). 
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The results are taken as primary as they coincide well with the petrographic and 
zircon dating results. Figure 10 shows the range of Nd-isotope data in a plot of TDM 
versus emit. Most of the samples reflect the same range of Nd-isotopes as the basement 
of Uruguay. This can explain the partly reworked character of some samples by 
petrographic means and the slightly increased Th/Sc and Zr/Sc ratios. Hence, most of 
the geochemical proxies are not inherited from juvenile rocks associated with the 
Brasiliano and are therefore much older. Archaean crust was recycled, and most 
probably mixed with post-Archaean (Palaeoproterozoic and Mesoproterozoic) crust. 
.01 	 .1 
Th/Sc 
Fig. 11. Plot of ENd vs Th/Sc for sediments of the ASG after McLennan et al. (1993). Note the 
higher ENd of two samples of Yerbal Formation from the Isla Cristalina de Rivera reflecting a 
younger arc component for the provenance. The sample of the Cerro Espuelitas Formation is 
almost identical to the upper crust average. 
It is worth noting that the two siltstone samples from the northern part of the 
basin (the Yerbal Formation) exhibit detrital material which might not be derived from 
the RPC basement in Uruguay. Their Nd isotope composition is comparable to 
Neoproterozoic depleted rocks in southeast Brazil (Cambai and Vacacai Groups; 
Babinski et al., 1996; Leite et al., 1998; Gastal et al., 2005). This scenario supports the 
idea that the Vacacai and Cambai Groups, representing a volcanic arc accreted to the 
Rio de la Plata Craton at ca. 700 Ma (Fig. 1; Babinski et al., 1996; Saalmann et al., 
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2005), acted as the main source. Both the Yerbal Formation and portions of Cambai 
and Vacacai Groups show positive ENd(0 and yield TDM ages between 0.9 and 1.2 Ga 
(Gastal et al., 2005). Paleocurrents derived from the north of the Yerbal Formation 
(Gaucher, 2000) are in agreement with this interpretation. 
Figure 11 displays the variation in ENd(t) data with Th/Sc ratios. Nd model ages 
(TDM) are around 1.2 Ga for the Yerbal Formation in the Isla Cristalina de Rivera and if 
they were a result of source mixing, the input of a Neoproterozoic arc source would be 
the most probable explanation. The samples of the Cerros San Francisco Formation, in 
contrast, points to strong recycling and a dominant felsic component of mainly 
Palaeoproterzoic-Archaean age of the NPT (Hartmann et al., 2001). 
U-Pb zircon dating 
Detrital zircon ages of around 1.0 Ga and younger (664 Ma) are subordinate in the 
Yerbal Formation. Gaucher et al. (2008c) report only Palaeoproterozoic and Archaean 
grains for the Yerbal Formation. It was shown that most of the samples only rework the 
basement rocks, accounting for the high concentration of zircons around 2.1 Ga (see 
Fig. 6a) and coinciding with the TDM ages in the southern Arroyo del Soldado basin 
(Table 3). 
In contrast, the Barriga Negra Formation records strong Neoproterozoic input 
(Fig. 6b). This Ediacaran source was exposed during the deposition of the Barriga Negra 
Formation and closely related, as the rocks of the latter are compositionally immature. 
Deposition of some of the partly coarse-grained deposits might indicate strong 
paleorelief and possibly occurred after a sea level change, related to a late Ediacaran ice 
age (Germs, 1995) which is characterized by a negative 8 13 C excursion and strong sea-
level drop in associated rocks (Gaucher et al., 2005a). Climatic causes could explain the 
deposition of conglomerates filling paleo-valleys because of sea-level oscillations, also 
recorded in the lower ASG (Gaucher et al., 2004). Global or near-global glaciations 
worldwide are a conspicuous characteristic of most Neoproterozoic basins including the 
Arroyo del Soldado basin (Hoffman et al., 1998; Gaucher et al., 2005; Chew et al., 
2007). 
The relatively young Neoproterozoic source might either be related to rifting 
(Blanco and Gaucher, 2005) and the consequent anorogenic plutonism during the 
Arroyo del Soldado Group provenance 
	 157 
Ediacaran recorded in the southern NPT (Mallmann et al., 2007). As granite emplacement 
spanned between 633 +11 Ma (Puntas del Santa Lucia Batholith, Hartmann et al., 2002) 
and 582 ±7 Ma (Mangacha Granite, Gaucher et al., 2008c) they probably reflect the source 
of the zircon peaks in the Barriga Negra Formation. However, the geochemical data of the 
proposed rifting event is still scarce and controversial. 
The 1.0 Ga minor source component detected in the ASG could have a different 
interpretation, as Mesoproterozoic ages were recently identifieded in the NPT. 
Oyhantcabal et al. (2005) reported U-Pb ages between 1492 and 1429 Ma for gabbros and 
rhyolites from the Lavalleja Complex or Fuente del Puma Group. Igneous and 
metamorphic rocks of Mesoproterozoic age are also exposed in the CDPT, specifically in 
the Punta del Este Terrane (Bossi and Gaucher, 2004, Table 1). Although, they are 
relatively rare in the samples presented here; such a source area would require 
paleocurrents derived from the east. Paleocurrents for the ASG obtained by Gaucher 
(2000) and tested in this work inferred a source area towards the west. Moreover, the 
CDPT was probably accreted in the Cambrian, after deposition of the ASG (Bossi and 
Gaucher, 2004; Rapalini and Sanchez Bettucci, 2008). 
Gaucher et al. (2008c) show that important, Mesoproterozoic zircon populations 
occur in the Piedras de Afilar and Cerro Largo Formations, both located in the Tandilia 
Terrane (Figs. lb and 2a). The authors point out that the proportion of Mesoproterozoic 
zircons in the RPC increases toward the west. Close to the western border of the RPC, the 
Mesoproterozoic Pie de Palo Complex (Ramos, 2000) is exposed, and may have been 
autochthonous to the proto-Andean margin of Gondwana (Galindo et al., 2004; Mulcahy et 
al., 2007). In the Sierras Pampeanas (Fig. 1), Schwartz and Gromet (2004) and Rapela et 
al. (2007) found important Mesoproterozoic and Neoproterozoic detrital zircon 
populations in the Neoproterozoic-Cambrian Puncoviscana Complex. Provenance analyses 
by Zimmermann (2005) interpreted the units as a peripheral foreland basin sourced mainly 
from the Pampean Orogen. Escayola et al. (2007) established the existence of a 
Neoproterozoic magmatic arc (ca. 700 to 580 Ma, indicated by an island arc, associated 
back-arc basins and ophiolithic remnant), followed by collision of the Pampia Terrane and 
the western flank of the RPC between ca. 580 and 530 Ma. Chew et al. (2008) based on a 
compilation of detrital zircon age analyses along the proto-Andean infer the presence of a 
probable Neoproterozoic active margin along the western border of Amazonia and RPC. 
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Based on the above evidence, and on the similarity of the Mesoproterozoic zircon 
populations of the RPC with those derived from the Sunsas Belt in the SW-Amazonian 
Craton, Gaucher et al. (2008c) postulate a Mesoproterozoic proto-Andean margin as the 
main source of the Mesoproterozoic detritus. Thus, the Mesoproterozoic source remains 
speculative and could indicate a source in the RPC as suggested by other studies (Bossi 
and Gaucher, 2004; Rapela et al., 2007). 
Rapela et al. (2007) favoured a probable source in the Kalahari Craton for the 
Mesoproterozoic detrital zircons in their proposed paleogeographic reconstruction of SW-
Gondwana. However, the near absence of Mesoproterozoic-Neoproterozoic zircon ages in 
the Cerros San Francisco Formation with a depositional age of ca. 535 Ma, indicate that 
the ongoing orogenic events occurring in the Kalahari Craton (the Damara, Gariep and 
Saldania Belts) or the Dom Feliciano Belt (CDPT) were far away from the eastern edge of 
RPC. The strongly recycled quartzarenites of the Cerros San Francisco Formation reveal 
TDM model ages and detrital zircon ages dominated by Archaean and Palaeoproterozoic 
rocks (Fig. 6c). 
As the TDM ages reflect weighted averages of the Sm-Nd concentration and Nd 
isotopic compositions of the constituent REE-bearing detrital phases, the obtained TON! age 
reflects the average of the different sources and can not be directly compared to the U-Pb 
zircon age distribution. A significant input came from Archaean material with TDM age 
close to the crystallisation age (Hartmann et al., 2002), probably derived from the La 
China and Las Tetas Complexes in the NPT (Table 3; Fig. 6). Subsequent major igneous 
events are recorded by TDM ages and/or in the distribution of detrital zircons, around 2.1 
Ga, typical for the RPC (Pankhurst et al., 2003; Rapela et al., 2007). 
5.5.2 Basin evolution and paleotectonic setting 
The basin evolution of the ASG can thus be explained in five stages (Fig. 12): 
(Stage 1) Rifting and deposition of the Las Ventanas Formation between 615 to 
580 Ma (Blanco and Gaucher, 2005), was accompanied by the emplacement of the Nico 
Perez Dyke Swarm at 581 ±14 Ma (Rivalenti et al., 1995). Intraplate magmatism around 
590 ±2 Ma in the southern NPT (Mallmann et al., 2007) could be related to this dyke 
swarm. This rifting event resulted in the opening of the Brazilides Ocean and separated the 
RPC from the Parana (Bossi and Gaucher, 2004) or Paranapanema Block 
Arroyo del Soldado Group provenance 
	 159 
Stage 3 <566 ( 548 Ma?) 
Stage 2 	 575-560 Ma 
nn•n 	 BrazIlides Ocean? 
1-1 I • I I I-1 I I —I I I I I I 1-1 I II I 11. 711 ;TN 071 
 g Q 
0 t14, 
Stage 5 ca. 535 Ma 
E 
""...1=..e. 	 .eg, ,,,,,-" .... 	 _ ot c 
-•". - 	
-"Iwal..„*..",„ 
'-1,7.4,110;11' 
74 SO $0 
7 ° I# 74 P4 
- 	 ....-11"..  
"WM61010 .1.11,,e1r" 
•n•nn • = ..... SP - 
	
ip,...„ .4A 	 V 
4Ngli"1+ 1. ft. 411, 	 OC 04 rg et pc 
si, ri 14 /4 so- 
ve pc. pa sc , 
so so 20 .14 
74 74 P4 74  
Stage 4 545-535 Ma 
E 
Cerm Victoria Fm 
Cerros San Francisco Fm. 
it:ZA Cerro Espuctitas 
RIR Banta Negri Fm. 
SE Polar= Fin. 
1 Verbal Fin 
Las Vcntanas 
Ncoprotcrozo3c anorogenic 
granites 
main sediment 
supply 
w Stage 1 	 615-580 Ma 
Arroyo del Soldado Group provenance 
	 160 
Fig. 12. Depositional model for the evolution of the ASG in five stages (see text for explanations). 
The main sediment supply is deduced from the sediment architecture from Gaucher (2000) and 
combined with palaeocurrents indicators for the Yerbal, Barriga Negra and Cerros San Francisco 
Formations. SBSZ: Sierra Ballena Shear Zone, CDPT: Cuchilla Dionisio Pelotas Terrane, RPC: 
Rio de la Plata Craton (explantion in the text). 
(Mantovani et al., 2005) to form a large rifted margin. This process developed enough 
accommodation space for the ASG. 
(Stage 2) Deposition of the Yerbal Formation (lower ASG; <570 Ma; Gaucher et 
al., 2008c) occurred along the eastern border of the RPC, where the main input of 
detrital material took place. Detrital zircon ages and Nd-isotope data can be best 
explained by derivation from the basement units in the Nico Perez and Piedra Alta-
Tandilia Terranes. The only uncertain source is the ca. 1 Ga zircon population (n=5). 
Basin modelling and paleocurrent directions (Gaucher et al., 2008c) support a western 
source region. If the characteristic zircon peaks of the ASG (0.59-2.2-2.7-3.1 Ga) are 
compared with the main rock-forming ages in the CDPT (0.55-0.62-1.0-1.8 Ga; 
Preciozzi et al., 1999, Basei et al., 2005) it is evident that the latter were probably not a 
source in the Ediacaran. Combining the results from this work and detrital zircon ages 
reported by Gaucher et al. (2008), shows that of 400 zircons that were dated, only five 
are Mesoproterozoic. The subsequent deposition of the Polanco Formation marks the 
development of a stable carbonate platform. 
(Stage 3) Deposition of the Barriga Negra Formation (middle ASG, < 566 Ma) 
took place mainly in alluvial fans recording a major marine regression with paleocurrent 
directions from west to east. In deeper parts of the basin, the Cerro Espuelitas Formation 
was deposited. However, the influence of a mafic component(s) in the Barriga Negra 
and Cerro Espuelitas Formations is detected by: (1) petrography which indicates the 
existence of mafic metamorphosed clasts in sandstones which are characterized by a 
high concentration in Cr; (2) high CrN (4-7, UCC=0.78; Table 2) ratios indicate 
enrichment of Cr over other ferromagnesian trace elements and point to the existence of 
basic and/or meta-mafic igneous rocks for sandstones of the Barriga Negra Formation. 
The influence of Archaean rocks could have caused such a signature as well, as 
Archaean upper crustal rocks do partly carry a similar geochemical signature to modern 
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arc rocks (Table 2; Taylor and McLennan, 1985). Amphibolites belonging to the 
Archaean La China Complex (Hartmann et al., 2001) are the local basement to the 
Barriga Negra Formation and represent obvious candidates for the mafic source. 
The Cerro Espuelitas Formation comprises thick marine chemical and fine 
clastic deposits (>2000 m). The large amounts of chemical sediments indicate that 
clastic input to the shelf was low, probably due to a high sea level stand (Gaucher, 
2000). The unit is geochemically comparable with unrecycled UCC, probably derived 
from Palaeoproterozoic rocks of the RPC (Table 1; Preciozzi and Bourne, 1992), 
suggesting that it was deposited in a passive margin setting. 
(Stage 4) occurred during the lowermost Cambrian, represented by quartz-rich 
sediments of the Cerros San Francisco Formation and dolostones of the Cerro Victoria 
Formation and indicates stable platform depositional conditions (Gaucher et al., 2008). 
Sources for the Cerros San Francisco Formation are mainly Archaean and 
Palaeoproterozoic rocks which were strongly reworked during the Lower Cambrian. 
(Stage 5) After the deposition of the Lower Cambrian Cerro Victoria Formation, 
a magmatic event represented by the Lower Cambrian Guazunambi granite (Kawashita 
et al., 1999) and the Sierras de Animas bimodal Complex intruded the ASG. 
Magmatism is associated with the Sarandi del Yi transcurrent shear zone in southern 
Uruguay (Fig. 2a; Bossi and Campal, 1992). Deformation phases affecting the unit 
occurred in the Cambrian (Gaucher, 2000, Rapalini and Sanchez Bettucci, 2008). These 
events, might be interpreted as a possible response to the suggested strike-slip collision 
between the NPT and CDPT in the Lower Cambrian (Bossi and Gaucher, 2004; Basei et 
al., 2005). Compressive tectonism is interpreted to have occurred close to the margins of 
the different rifted cratonic fragments (Frimmel and Frank, 1998), such as the CDPT or 
the Parana Block, until the Early Ordovician (Gray et al., 2006). 
The above model implies that the ASG represents a passive or rifled margin 
deposit along a large shelf from southwestern Brazil to eastern Argentina. The 
provenance data show that local sources (the basement units) of the NPT were 
reworked. However, other sources, which were probably transported for further 
distances are indicated by rounded grains and detrital zircons derived from rocks with 
Mesoproterozoic ages not presently identified in the Uruguayan basement. Thus, the 
ASG does not represent a typical passive margin deposit, but rather a margin 
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characterized by exposed Archaean to Mesoproterozoic successions. 
This study could not support any subduction-related processes in close proximity 
to the ASG. The proposed models of Stanistreet et al. (1991), Basei et al. (2000) and 
Frimmel and Foiling (2004), argue for the existence of an active margin in the RPC and 
the CDPT (Dom Feliciano Belt), with subduction to the west below the RPC (Basei et 
al., 2000) to consume long-lived oceanic basins. As the detrital input into the ASG 
elastic successions is mostly much older than the basin itself, it will not reflect 
syndepositional tectonic processes. Samples of the Barriga Negra Formation display a 
significant input of Neoproterozoic magmatic material, most probably related to 
magmatism in the NPT in the lower Ediacaran (Blanco and Gaucher, 2005). 
Subduction-related rocks do not occur in the east of the ASG basin, nor is there any 
detrital influence of such a terrane in the studied samples. The arc proposed by Basei et 
al. (2000) among others, would define the ASG as either a peripheral or a retro-arc 
(foreland) basin as recently suggested (Pecoits et al., 2007; Oyhantcabal et al., 2007). In 
both cases a proximity of less than 100 km to the proposed arc should cause the input of 
volcanic material and plagioclase-rich detritus, as typically observed in such 
environments (e.g., Zimmermann and Bahlburg, 2003). This makes the possibility of the 
closure of an oceanic basin to the east of the Arroyo del Soldado basin by orthogonal 
compressive tectonics rather unlikely. Final strike-slip movement on the Sierra Ballena 
Shear Zone might be responsible for the mechanism of basin closure and deformation. 
Current lines of thinking indicate that the Kaoko and Gariep Belts and their counterpart 
(the CDPT) were part of an active margin affected by transpressional tectonics and that 
subduction of oceanic crust was beneath the Kalahari and Congo Cratons (Goscombe 
and Gray, 2007). Thus, the final suture after oblique collision between the Kalahari 
Craton-CDPT and the RPC, probably took place after deposition of the ASG during the 
Cambrian. 
5.6 CONCLUDING REMARKS 
A comprehensive provenance study on the detrital record of the ASG reveals 
that most of the detrital material was not derived from syndepositional volcanic arc 
magmatism, but mainly of Palaeoproterozoic and Archaean material and mixed with late 
Neoproterozoic, plutonic magmatic rocks of the NPT. This means that closure of an 
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oceanic basin to the east of the ASG is unlikely, and subduction of oceanic crust was 
instead between the Kalahari and Congo Cratons. Trace element proxies such as 
Eu/Eu*, LaN/YbN, La/Sc, Th/Sc, Zr/Sc, and CrN and REE indicate that the sediments of 
the ASG were dominantly fed by detritus from unrecycled to recycled and intermediate 
signature (mafic to felsic) compared to the UCC. The ICR (Isla Cristalina de Rivera) 
siltstones of the Yerbal Formation may reflect the input of volcanic arc-related detritus 
derived from the Vacacai and Cambai Groups (Sao Gabriel Arc), which were emplaced 
during the early Neoproterozoic and probably acted as a palaeohigh. 
A minor U-Pb detrital zircon population of ca. 1 Ga occurs in the Yerbal 
Formation. The closest exposure of rocks with similar crystallisation ages is in the 
CDPT (Basei et al., 2005). However, palaeocurrents of the Yerbal Formation indicate 
sources in the opposite direction and only 5 out of 124 zircons show Mesoproterozoic 
ages (this study and Gaucher et al., 2008c). Other "Grenville age" sources from the 
Proto-Andean margin or inside the RPC are plausible explanations. In the Lower 
Cambrian, passive margin deposits of the Cerros San Francisco Formation contain no 
Mesoproterozoic zircons (of a total of 135 analyzed grains; this study and Gaucher et 
al., 2008c). There is a conspicuous absence of Neoproterozoic zircons derived from the 
magmatic arc represented by the batholiths in the CDPT, developed between 550 and 
650 Ma. Thus, the model recently proposed by Rapela et al. (2007) for the RPC 
paleogeography, which shows the RPC already attached to the Kalahari Craton between 
550 and 540 Ma is in contradiction with the data presented in this study. 
Deformation and granitic intrusions affected the ASG at ca. 530 Ma in response 
to tangential collision between the NPT and the CDPT. Thus the data support the model 
proposed by Goscombe and Gray (2007) in which the final amalgamation of SW 
Gondwana its described in terms of terrane accretion dominated by strike-slip 
movements. 
An active continental margin tectonic setting for the ASG basin can be excluded. 
The geochemical characteristics of the ASG are not typical of a recycled passive margin 
setting, and can be explained due to the lithological heterogeneities of the basement, 
including extensive felsic and mafic Archaean complexes, which were exposed and 
eroded during successive sea level falls registered within the Arroyo del Soldado basin. 
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CHAPTER 6 
CONCLUSIONS: 
THE PROVENANCE OF LAMA GROUP VS. ARROYO DEL SOLDA00 
GROUP (EDIACARAN—CAMBRIAN) AND ITS IMPLICATIONS FOR THE 
PALAEOGEOGRAPHIC RECONSTRUCTION OF SW GONDWANA 
ABSTRACT 
The petrographic, heavy mineral analyses and geochemical results from the Nama 
Group indicate a recycled upper crust composition characterized by metamorphic and 
granitic sources and minor mafic rocks. Palaeocurrent analyses of the chromian spine! 
bearing sandstones of the Nama Basin point to a volcanic island arc source located in 
the Damara Belt. Detrital zircon dating of the Nama Group display major peaks of 
Neoproterozoic and Mesoproterozoic ages suggesting a provenance from the 
Damara/Gariep Belts and their basements. Paleocurrents from the west and the 
dominance of Neoproterozoic-Cambrian detrital zircon ages (76%) in the "Molasse" 
stage of the foreland evolution probably indicate exhumation of the felsic volcanic arc 
root which probably occurred after the time indicated by the younger zircon dated at 
531 ±9 Ma. The petrographic and geochemical results from the Arroyo del Soldado 
Group indicate a recycled upper crust composition charaCterized by source diversity 
composed of granite-gneissic and mafic-metamorphic rocks. On average, Nd isotopes 
account for negative ENd values and TDM ages in a range of variation found elsewhere 
within SW Gondwana. Detrital zircon dating indicate sources dominated by 
Paleoproterozoic (1.7-2.0-2.2 Ga) and subordinate Archaean ages (2.5-2.9-3.5 Ga). The 
scarcity of Mesoproterozoic and Neoproterozoic zircons and paleocurrent directions 
towards the east indicate that the Arroyo del Soldado Group was fed by detritus from 
the Rio de la Plata Craton favouring a passive margin tectonic setting for their 
deposition. Deformation of the Arroyo del Soldado Group took place ca. 530 Ma, after 
strike-slip collision with an African affinity terrane. Finally, based on the 
paleogeographic evaluation, the provenance of Nama foreland basin and the passive 
margin deposit of the Arroyo del Soldado basin suggest that continent-continent 
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collision of the Kalahari/Congo Cratons with the Rio de la Plata Craton and the 
Cuchilla Dionisio Pelotas Terrane most likely occurred due to strike-slip accretion 
related to a component of N—S shortening in the period between 530 and 495 Ma. 
Further works using integrated provenance analyses on sedimentary successions of SW 
Gondwana will led in a better understanding of their tectonic settings and the timing of 
their final amalgamation. 
6.1 INTRODUCTION 
The amalgamation of SW Gondwana in the Neoproterozoic—early Palaeozoic 
resulted from a series of tectonic events related to the subduction of oceanic 
lithosphere, collision of continental blocks, mantle plume activity and accretion of 
exotic terranes, within the Pan-African—Brasiliano Belts (e.g. Hoffman, 1991; Germs, 
1995; Unrug, 1996; Almeida et al., 2000; Cordani et al., 2000; Basei et al., 2000; 
Gaucher and Germs, 2002; Bossi and Gaucher, 2004; Basei et al., 2005). Recent 
geochronological studies in the Pan-African and Brasiliano Belts (e.g. Seth et al., 1998; 
Jung et al., 2000; Schmitt et al., 2004; Gray et al., 2006; Goscombe et al., 2007; Rapela 
et al., 2007; Gaucher et al., 2008c) indicate that the assembly of SW Gondwana was 
only completed by the end Cambrian and/or early Ordovician. 
The Neoproterozoic to early Palaeozoic Brasiliano Cycle is a critical event in 
the geological history of Uruguay and southern Brazil, but its development remains 
controversial (e.g. Babinsky et al., 1996; Chemale Jr., 2000; Campos Neto, 2000; Leite 
et al., 2000; Basei et al., 2000, 2005; Gaucher et al., 2003, 2005; Bossi and Gaucher, 
2004; Gastal et al., 2005; Saalmann et al., 2005, 2006; Borba et al., 2006). During the 
Brasiliano Orogenic event, extensive siliciclastic and carbonate basins were deposited 
on the eastern side of the Rio de la Plata Craton (e.g. the Corumba Group, Camaqua 
Basin, Arroyo del Soldado Group, Sierras Bayas Basin, Itajai Basin). 
The Ediacaran to Cambrian Arroyo del Soldado Group (Gaucher et al., 2003) is 
a passive margin preserved in a key area of the Rio de la Plata Craton and provides 
important constraints on the evolution and amalgamation of SW Gondwana (Fig. 1). In 
Namibia, the Neoproterozoic-early Palaeozoic Damara Orogen and its foreland basins 
formed as result of a high angle and oblique convergence of a three-pronged orogenic 
system (e.g. Coward, 1981, 1983; Miller, 1983; Germs, 1995; Saylor, 2003). The 
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Damara Orogen includes the Kaoko, Gariep and Damara Belts (Fig. lb). The Damara 
Orogen itself is understood to represent a collisional triple junction (e.g. Prave, 1996; 
Fig. 1. Pan-African/Brasiliano orogenic belts and Ediacaran—early Palaeozoic basins in 
southwestern Gondwana (modified after Gresse et al., 1996; Trompette, 1997; Gaucher et al., 
2005a), 
GB: Gariep Belt, SB: Saldania Belt, DB: Damara Belt, NB: Nama Basin, ASB: Arroyo del 
Soldado Basin, SBB: Sierras Bayas Basin, CB: Camaqua Basin, SP: Sierras Pampeanas, CrB: 
Corumba Basin, RB: Ribeira Belt, KB: Kaoko Belt, WCB: West Congo Belt, PB: Paraguay Belt, 
BB: Brasilia Belt, BP: Borborema Province, CDPT: Cuchilla Dionisio-Pelotas Terrane. 
TT: Tandilia Terrane, PA: Piedra Alta Terrane, NP: Nico Perez Terrane, PET: Punta del Este 
Terrane, TB: Tacuarembo Block. ICR: Isla Cristalina de Rivera, SGA: Sao Gabriel Arc, PB: 
Porongos Belt, SBCMGSZ: Sierra Ballena-Cangucii-Major Gercino Shear Zone. 
Trompette, 1997; Frimmel and Frank, 1998), while the Damara Belt resulted from the 
collision between the Congo and Kalahari Cratons during Neoproterozoic to Cambrian 
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times (Fig. 1), and consequently from the closure of the Khomas Sea (e.g. Miller, 1983; 
Stanistreet et al., 1991; Gray et al., 2006). Therefore, the Nama Basin can be 
interpreted as a peripheral foreland basin related to the Damara Belt (Germs, 1995), or 
more likely as an intracratonic or retroarc foreland basin to the Gariep Belt (Basei et al., 
2005) which would imply an east-directed subduction as discussed in Chapter 4. 
The purpose of this chapter is to summarize the main provenance characteristics 
of the Nama and Arrroyo del Soldado Groups, which have been previously discribed 
(Chapters 2 to 5), and to present a palaeogeographic model for the final amalgamation 
of SW Gondwana. 
6.2 PALAEGEOGRAPHIC MODEL 
Rifting at 746 ±2 Ma (Hoffman et al., 1996) and deposition of extensive passive 
margin platform successions characterize the opening of the Khomas Sea, which started 
with the separation of the Kalahari and Congo Cratons and the generation of oceanic 
crust. A minimum age for rifting in the Gariep Basin can be constrained from U-Pb 
zircon age of 771 ±6 Ma from rift-related rhyolites (Frimmel et al., 2001) which 
formed from the opening of a back-arc type basin in the Kalahari Craton (Basei et al., 
2005). Extensive siliciclastic deposits are represented by the upper part of the Port 
Nolloth Group on the western side of the Kalahari Craton (Fig. 2a; Frimmel and Frank, 
1998). 
Contemporaneously with the rifting event within the Kalahari Craton, the 
volcanic Sao Gabriel Arc accreted to the Rio de la Plata Craton at ca. 700 Ma and was 
part of an active margin (Fig. lb; Babinsky et al., 1996; Saalmann et al., 2005). An 
extentional or rift event and deposition of the bimodal volcano-sedimentary Las 
Ventanas Formation between 615 to 580 Ma (Blanco and Gaucher, 2005; Gaucher et 
al., 2008a), is accompanied by the emplacement of the Nico Perez Dyke Swarm at 581 
±14 Ma (Rivalenti et al., 1995). Intraplate magmatism at around 590 ±2 Ma in the 
southern Nico Perez Terrane (Mallmann et al., 2007) could be related to the above 
mentioned dyke swarm. This rifting event resulted in the opening of the Brazilides 
Ocean and separated the Rio de la Plata Craton from the Parana Block (Bossi and 
Gaucher, 2004) to form a large rifted margin along the eastern border of the Rio de la 
Plata Craton (Gaucher et al., 2008c). Deposition of the Yerbal and Polanco Formations 
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(lower Arroyo del Soldado Group; —570-560 Ma; Gaucher et al., 2008c) took place 
along the eastern border of the Rio de la Plata Craton, wherefrom the main input of 
detrital material occurred (Chapter 5). 
Different hypotheses have been made to explain this extensional event, which 
could be related to slab-break off after the main magmatic event that occurred in the 
Brasiliano Orogeny around 650-600 Ma (Chemale Jr., 2000), or to plume activity as 
proposed by Gaucher and Germs (2002). In Chapter 5, the passive margin 
characteristics of the Yerbal Formation are suggested based on petrography, whole-
rock geochemistry, Sm-Nd isotope geochemistry and detrital zircon dating. Basement 
rocks of the Rio de la Plata Craton are the main source for the Yerbal Formation as 
demonstrated by the dominant Palaeoproterozoic zircon population (2.0-2.1 Ga) as 
shown in Chapter 5 and by Gaucher et al. (2008c). Geochemical data from the Yerbal 
Formation characterized a basin where recycling played the most important role 
(Eu/Eu*-0.6, Th/Sc >1, Th/U >5; McLennan et al., 1993). Arc-related geochemical 
signatures were only detected in the northernmost part of the basin, which were 
probably a consequence of sediment supply derived from the sao Gabriel Arc (ICR, 
Fig. lb). In the southern and central parts of the basin, negative ENd (average -12) and 
Palaeoproterozoic TDM ages were observed. Up section, deposition of the Polanco 
Formation, a continuous carbonate plataform (800 m in thickness) indicates the 
development of a stable shelf that becomes deeper to the east (Gaucher et al., 2003). 
The coarse conglomerates of the the Barriga Negra Formation overlie the Polanco 
Formation. The Barriga Negra Formation was deposited after 566 Ma based on the 
youngest detrital zircons. The sources can be traced mainly to the Archaean, 
Palaeoproterozoic and Neoproterozoic rocks of the Nico Perez Terrane. The obtained 
Neoproterozoic zircon population shows ages between 566 ±8 and 631 ±12 Ma (29%), 
which are probably related to magmatism and associated granitoids in the above 
mentioned Nico Perez Terrane (Blanco and Gaucher, 2005; Mallmann et al., 2007; 
Gaucher et al., 2008a). Climatic causes could explain the deposition of conglomerates 
filling palaeo-valleys as a consequence of sea-level oscillations (Gaucher et al., 2004). 
Deposition of the partly coarse-grained sediments of the Barriga Negra Formation 
indicate strong palaeorelief and a sea level fall as a consequence of a late Ediacaran 
non-global ice age characterized by a negative 8 13 C excursion (Gaucher et al., 2005a; 
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Gaucher et al., 2008b). The overlying Cerro Espuelitas Formation comprise thick 
marine chemical and fine clastic deposits (>2000 m in thickness). The large amount of 
chemical sediments indicates that the clastic input to the shelf was low due to a sea 
level highstand (Gaucher, 2000). The unit is geochemically comparable with 
unrecycled UCC, shows negative ENd (0 values with Nd model ages of 2.1 Ga and was 
probably derived from Palaeoproterozoic rocks of the Rio de la Plata Craton (Preciozzi 
and Bourne, 1992), suggesting that it was deposited in a passive margin setting. 
The Gariep Belt is correlative with the eastern side of the Cuchilla Dionisio-
Pelotas Terrane in Uruguay (Figs. lb and 3b; Punta del Este Terrane), both of which 
share a late Mesoproterozoic basement of African affinity (Preciozzi et al., 1999; Bossi 
and Gaucher, 2004; Basei et al., 2005). The Rocha Group in the Punta del Este Terrane 
(Figs. 1 and 2a; Chapter 5) and the Oranjemund Group in the Marmora Terrane (Figs. 2 
and 9b) are correlative based on very similar detrital zircon age population patterns 
(Basei et al., 2005). Both units were deposited between 600 and 550 Ma and are 
characterized by a common provenance mostly derived from the Mesoproterozoic 
Namaqua-Natal Belt and the Neoproterozoic Pelotas-Aigua Batholith (Fig. 3b; Basei et 
al., 2005). The youngest ages obtained from detrital zircons in both groups (-600 Ma) 
indicate derivation from the Cuchilla Dionisio-Pelotas Terrane (Dom Feliciano Belt) 
according to the model presented by Basei et al. (2005). Syn-collisional to late orogenic 
granite emplacement was very intense and rather continuous in the interval between 
680-550 Ma in the Cuchilla Dionisio-Pelotas Terrane (Preciozzi et al., 1999). Two 
main metamorphic events recorded in the Chamais Group of the Marmora Terrane 
occurred at ca. 575 Ma and 545 Ma (Frimmel and Frank, 1998). Extrusive magmatism 
is represented in the Cuchilla Dionisio-Pelotas Terrane by pyroclastic rocks and dacites 
of the Cerros Aguirres Formation that yielded a U-Pb SHRIMP age of 572 ±8 Ma 
(Hartmann et al., 2002; Figs. 2a and 2b of Chapter 5). 
In the Damara Belt, the closure of the Khomas Sea is represented by the 
intrusion of syn-tectonic granites between ca. 650 and 550 Ma and post-tectonic 
granites at ca. 500 Ma (Kroner, 1982; Miller, 1983; Jung, 2000; Johnson et al., 2006). 
At ca. 550 Ma the deposition the lower Nama Group began (Grotzinger et al., 
1995). The Kuibis Subgroup unconformably overlies various stratigraphic units of the 
Neoproterozoic Porth Nolloth Zone in the Gariep Belt and its Mesoproterozoic 
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Fig. 3. (a) Schematic N-S cross section of the Damara Belt showing the main areas of sediment supply 
for the upper Nama Group. RBI: Rehobot Basement Inlier. 
(b) Proposed location of the Rio de la Plata and Kalahari Cratons at ca. 530 Ma based on provenance data 
of the Arroyo del Soldado and Nama Basins. CDPT: Cuchilla Dionisio-Pelotas Terrane. SBCMG: Sierra 
Ballena-Cangucit-Major Gercino Shear Zone. 
Namaqua-Natal basement (Germs, 1972; Germs and Gresse, 1991; Frimmel and Frank, 
1998). The petrography of the sandstones shows a dominance of polycyclic 
subfeldsarenites with a craton interior provenance, and agree with the palaeocurrent 
analyses made by Germs (1983) which imply a source mainly derived from the 
Kalahari Craton. The geochemistry of the Kuibis Subgroup mudrocks (Fig. 2b; Chapter 
4: Th/Sc-0.6, Th/U-2.9 and Eu/Eu*-0.7) show a volcanic arc signature, pointing to a 
provenance from a Mesoproterozoic mafic basement, which was recently documented 
in the Karas Mountains by Evans et al. (2007). 
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Reid et al. (1991) dated a metamorphic amphibolite dyke emplaced during 
transpressional tectonism in the Gariep Belt, yielding a 40Ar-39Ar age of 545 ±2 Ma and 
interpreted as recording the continent-continent collision event. According to Frimmel 
and Frank (1998), peak of metamorphism attained lower amphibolite facies conditions 
in the Port Nolloth Zone, which was due to emplacement of the Marmora Terrane on 
top of the former. Amphibolites from the Marmora Terrane yield hornblende 40Ar-39Ar 
plateau ages between 547 ±4 and 543 ±6 Ma, and therefore record the age of continent-
continent collision between the Rio de la Plata and Kalahari Cratons (Frimmel and 
Frank, 1998). However, the geochemical and petrographical data, as well as zircon 
dating presented for Nama Group strata below the Nomtsas Formation (Chapter 4) 
could not detect any collisional event to the west of the basin. Indicators such as Zr 
concentrations >1000 ppm (UCC= 190 ppm; after McLennan et al., 2006), Th/Sc ratios 
up to 4.33 and Zr/Sc ratios > 30, maximum 445, are indicative of extreme reworking. 
Detrital zircon ages for the Urusis Formation from the Witputs and Zaris sub-basins 
indicate a derivation from the Mesoproterozoic basement and the Neoproterozoic 
orogenic belts. Compressive tectonic processes towards the west of the Nama Basin 
probably produced thin-skinned tectonics reflecting small-scale movements rather than 
large-scale regional geological events. 
The deposition of the upper Nama Group started with the Nomtsas Formation 
(539 Ma; Grotzinger et al., 1995), representing the first incursion of coarse fluvial 
deposits into the basin (Germs, 1983; Germs and Gresse, 1991). Regional palaeocurrent 
directions for the Zaris sub-basin indicate a main derivation from the Damara Belt, 
suggesting that uplift and erosion were dominated by a continent-continent collision 
between the Kalahari and Congo Cratons at the time of the Nomtsas Formation 
deposition (Germs, 1983; 1995). The Niep Member (Nomtsas Formation) shows zircon 
populations dominated by Neoproterozoic and Mesoproterozoic ages, displaying major 
peaks at 632, 902, 1057 and 1892 Ma. The input of volcanic material is corroborated by 
the preserved volcanic lithoclasts, euhedral chromian spinels and pyroxenes with 
inclusions of chromian spinel with a volcanic arc geochemical signature (Chapter 3). 
This detrital record can explain a slight shift of Th/Sc ratios to values below 1 and 
slightly higher Eu/Eu* values (between 0.7 and 0.85; Chapter 4) compared with the 
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underlying units. This shift could be explained by an influence of volcanic rocks from 
the Damara Belt as indicated by the sediment supply from the north (Germs, 1983). 
The deposition of the Fish River Subgroup "molasse" sediments in a fluvial to 
shallow marine environment shows a palaeocurrent pattern derived from the west at the 
base, and from the north towards the top of the subgroup (Germs, 1983). The subgroup 
originated from reworked sediments of the Damara Orogen (Hortsmann et al., 1990), 
and shows extreme recycling based on petrography and geochemistry (Chapter 4), the 
latter characterized by high Th/Sc (-3), low to high Th/U (1.9-7.2) and negative 
Eu/Eu* values (-0.5). Zircon dating performed in the Wasserfall Member of the lower 
Fish River Subgroup, clearly indicate a dominance of Lower Cambrian and 
Neoproterozoic ages (76% of the analyzed zircons with peaks at 546, 591 and 637 Ma), 
and the sedimentation cannot be older than 531 ±9 Ma. Thus, the source probably was 
triggered by the unroofing of a felsic Neoproterozoic volcanic arc and related 
supracrustal rocks, probably the Gariep Belt during the early Palaeozoic. The 
Neoproterozoic zircon source could be traced to the Cuchilla Dionisio-Pelotas Terrane 
(Pelotas-Aigua Batholiths; ca.550-650 Ma; Silva et al., 1999) in South America after 
the closure of the Rocha-Gariep Basin according to the tectonic model presented by 
Basei et al. (2005) (Fig. 3b). Current lines of thinking indicate that the Kaoko and 
Gariep Belts and their counterpart, the Cuchilla Dionisio-Pelotas Terrane, in South 
America have been parts of an active margin with subduction beneath the Kalahari and 
Congo Cratons (Goscombe and Gray, 2007) and is supported by the data presented in 
this thesis. 
The petrographic and chemical analyses on black sands of the 
Haribes/Rosenhof Members show the input of euhedral garnet from the Damara Belt 
and chromian spinels with a MORB signature which was probably derived from the 
Matchless Amphibolites (Chapter 2), which is supported by palaeocurrents derived 
directly from the north (Germs, 1983). The overthrusting and exhumation of different 
metamorphic rocks point to the Damara Belt as the most probable source for the 
obtained Mesoproterozoic zircon population (Fig. 3a). The obtained Neoproterozoic 
zircon peaks (626, 592, 569 and 547 Ma) are probably related to the syn-tectonic 
granites of the Central Zone in the Damara Belt (Fig. 3a). Granitic plutonism within the 
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Damara Belt is recorded over a period of at least 150 Ma between —620 and —470 Ma 
(e.g. Kroner, 1983; Miller, 1983). 
The Cambrian-Ordovician period is characterized by granitic intrusions, 
thrusting and deformation propagating onto the Kalahari Craton to the south (Damara 
Belt) and east (Gariep Belt), from —495 to —480 Ma (Germs and Gresse, 1991; Gresse 
and Sheepers, 1993), which probably was contemporaneous with the closure of the 
southern Adamastor Ocean (Germs, 1995; Frimmel and Frank, 1998; Gray et al., 2006). 
In the Rio de la Plata Craton during the lowermost Cambrian, the quartz-rich sediments 
of the Cerros San Francisco Formation and dolostones of the Cerro Victoria Formation 
were deposited on a shallow marine platform (Gaucher et al., 2007). Detrital zircon 
populations and the TDM ages of the Cerros San Francisco Formation (Chapter 5) can 
be traced to the Archaean and Palaeoproterozoic basement rocks of the Rio de la Plata 
Craton (Hartman et al., 2001). Thus, the palaeogeographic model recently proposed by 
Rapela et al. (2007) showing the Rio de la Plata Craton attached to the Kalahari Craton 
between 550 and 540 Ma is in contradiction with the data presented in this work. 
Deformation and Cambrian granitic intrusions took place in the Arroyo del 
Soldado Group at ca. 530 Ma in response to tangential collision between the Nico Perez 
and Cuchilla Dionisio-Pelotas Terranes (Fig. 2c; Bossi and Gaucher, 2004). Moreover, 
Gray et al. (2006) suggested thrusting in the Gariep Belt represents a shear zone 
reactivation due to the continent-continent collision of the Kalahari/Congo Cratons 
with the Rio de la Plata Craton. Recently, the Gariep Belt was linked to the external 
branch of the Kaoko Belt and the Cuchilla Dionisio-Pelotas Terrane, which has been 
affected by transpressional deformation related to a component of N—S shortening in 
the period between 530 and 495 Ma (Fig. 2c; Basei et al., 2005; Gray et al., 2006; 
Goscombe and Gray, 2007). 
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APPENDIX 1 
ANALYTICAL TECHNIQUES 
A1.1 PETROGRAPHY 
Thin sections from the collected rock samples [siltstone, sandstone (including 
conglomerate matrix) and igneous rocks] were made at the geological laboratory of 
Facultad de Ciencias, Montevideo, Uruguay and the laboratory of the Department of 
Geology, University of Johannesburg. Framework grains were identified under the 
microscope based on their optical properties, with special attention to those features that 
have provenance significance including: quartz types (polycrystalline, monocrystalline, 
undulouse), feldspar composition, lithoclast types (sedimentary, metamorphic, igneous), 
detrital accessory minerals (micas, tourmaline, zircon, apatite, Ti-oxides) present in minor 
amounts with the exception of the heavy-mineral rich sandstones studied in Chapter 2. 
Quartz, feldspars and lithic grains of 42 sandstones of the Nama Group were 
plotted on QFL diagrams (Chapter 3, Dickinson et al., 1983) and 300-400 points were 
counted in each thin section using the point-counting method of Gazzi and Dickinson, as 
described by Ingersoll et al. (1984). The strong weathering that affected certain clasts such 
as lithic fragments made it sometimes very difficult (or impossible) to identify them, thus 
presenting a barrier to the full use of the Gazzi-Dickinson method (Ingersoll et al., 1984). 
The composition of the matrix or any very fine-grained mineral, and certain grain 
types (e.g. Ca and Na plagioclase) were determined using a scanning and backscattered 
electron microscope with energy dispersive spectrometry mode (SEM-BSE-EDS) at 
SPECTRAU, the Central Analytical Facility of the University of Johannesburg. The 
electron microscope (SEM-BSE-EDS) is a JEOL JSM-5600 with a tungsten filament and 
EDS analyses were done using a Noran X-ray detector and Noran Vantage software. The 
SEM-BSE-EDS system was set at 15 keV, a working distance of 20 mm and a live time of 
60 s per spot. 
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XRD (X-Ray Diffraction) patterns on whole-rocks were also processed to check the 
presence of certain species and to help in the determination of clay minerals and cements. 
The XRD is a Philips PW1729 equipped with a PANanalytical X-Pert Pro diffractometer. 
A1.2 GEOCHEMISTRY 
A1.2.1 Methodology 
Earlier works (e.g. Taylor and McLennan, 1985; Floyd and Leveridge, 1987; 
McLennan et al., 1990; Bhalburg, 1990) demonstrated that the quantification of elastic 
sediments via geochemistry in combination with other techniques (e.g. petrography, Nd 
isotopic data, zircon dating, etc.) could be used to decipher the provenance, to characterise 
the source areas and to distinguish in special cases between different cratonic entities. 
After these studies, a number of publications focused on provenance studies of siliciclastic 
sediments with the main objective of determining the characteristics of source areas which 
supplied adjacent basins, and hence which are important to decipher the tectonic setting of 
ancient sedimentary successions (e.g. McLennan et al., 1993; Bahlburg, 1998; Bock et al., 
1998; Zimmermann and Bahlburg, 2003; Zimmermann 2005; Hurowitz and McLennan, 
2005). These studies operate on the assumption that particular trace elements [REEs (rare 
earth elements); Cr, Th, Zr, Hf and Sc] are transported from source to the sedimentary 
basin with insignificant modification due to sorting, fractionation, diagenesis or post-
depositional tectonothermal effects (McLennan, 1989). Studies have demonstrated that 
REE mobility during diagenesis can exist (McDaniel et al., 1994; Bock et al., 1994) and 
consideration of this effect in data interpretation allows the use of geochemical indicators 
in provenance studies. In particular ratio techniques using an incompatible (Th, Zr) 
element over a compatible element (Sc) was used with success (McLennan et al., 1991, 
1993), reflecting the influence of a mafic or felsic provenance. The ferromagnesian trace 
elements (Cr, V, Ni) are useful to monitor mafic sources and the Eu enrichment/depletion 
(Eu-anomaly) reflect the fractionation of feldspar in the source rock (McLennan et aL, 
2003). 
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A1.2.2 Major elements and CIA 
Major elements can be easily mobilized during diagenesis and very low-grade 
metamorphism and the use of these elements as provenance indicators must be 
discouraged. Recent studies on modern sediments have failed to reflect the correct 
provenance (Armstrong-Altrin and Verma, 2005). 
According to McLennan et al. (2003) weathering is perhaps the process that most 
significantly influences the geochemistry of terrigenous sedimentary rocks. This process 
can be quantitatively assessed using the Chemical Index of Alteration (CIA; Nesbitt and 
Young, 1982). This index uses molecular proportions as follows: CIA = (A1 203 / (A1203 + 
CaO* + Na2O + K2O)) x 100. Effectively, this index mainly measures the degree of 
alteration of feldspars (since this group of minerals comprises approximately 70% of the 
upper crust) and volcanic glass to clay minerals during weathering (Taylor and McLennan, 
1985). CaO* refers to calcium associated with silicate minerals and corrections to the 
measured CaO content for the presence of Ca in carbonates (calcite and dolomite) and 
phosphates (apatite) are needed (Nesbitt and Young, 1982). For this study, CaO was 
corrected for phosphate assuming that P2O5 is entirely associated with apatite. 
A1.2.3 Trace elements 
The distribution of a number of trace elements including the REE in clastic 
sedimentary rocks is especially sensitive to the nature of provenance because of their 
immobile behaviour (Taylor and McLennan, 1985). Elements like Ti and Al have 
relatively little variability among igneous/metamorphic rocks and therefore they are 
insensitive in detecting changes in provenance. Moreover, these elements typically reside 
in different mineral phases (feldspar and clay for Al and biotite, rutile, titanite, ilmenite for 
Ti), and could be fractionated during intense weathering processes and sedimentary 
transport (McLennan et al., 2003). Elements such as Zr, Hf, Cr, Nb, Ta and REE are 
strongly associated with heavy mineral fractionation during sorting process and may be 
used with caution. 
193 
The high field strength elements (HFSE) such as Zr, Nb, Hf, Y, Th and U are 
particularly concentrated in felsic rocks and their signal can be used in siliciclastic rock 
provenance. The Th/Sc ratio indicates the degree of igneous differentiation processes, 
since Th is a highly incompatible element (D<<1), whereas Sc is more compatible (D> 1) 
in igneous systems (McLennan et al., 1993). The Zr/Sc ratio reflects reworking because the 
element Zr is strongly enriched in the heavy mineral zircon, which usually concentrates in 
reworked sediments (McLennan et al., 1993). La/Th ratios of 2 to 4 are common values for 
upper crustal compositions and indicate relatively felsic compositions (McLennan et al., 
1980). 
The input of a mafic source could be discriminated using CrN and other ratios 
such as Th/Sc, La/Sc and Th/Cr pointing in certain cases to an anomalous concentration of 
the heavy mineral chromian spinel in the detrital fraction. Therefore, an ophiolitic source 
can be detected when Cr/V ratios are over 10, Typical values for the upper continental 
crust it is 0.77 (McLennan et al., 1993, 2006). 
According to McLennan et al. (1993) the Th/U versus Th diagrams allows the 
weathering and/or recycling of sedimentary rocks to be estimated. The Th/U ratio in the 
average upper continental crust is —3.8, and for most sedimentary rocks derived from 
average upper crust, the Th/U ratio is around 3.5-4.0 (McLennan et al., 1993). Sediments 
which experienced a higher degree of weathering and/or recycling under oxidizing 
conditions, have higher Th/U ratio typically increases, because U 4+ oxidizes to the more 
soluble U6+ species and is removed from the sediments (McLennan et al., 1993). 
According to earlier workers, low Th/U ratios accompanied with low Th and U 
abundances reflect geochemically depleted mantle sources and a U enrichment could 
happen through sedimentary processes like diagenesis (McLennan et al., 1993). 
Rare earth elements are generally considered among the least mobile elements in 
sedimentary systems and according to their distribution in the sediments, they reflect the 
average provenance (Taylor and McLennan, 1985). An Eu-anomaly is a major 
characteristic of UCC sediments. Igneous rocks derived directly from the mantle are 
characterized by a lack of Eu depletion. Eu depletion in sedimentary rocks is a 
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consequence of chemical fractionation within the continental crust, related to the 
generation of K-rich granitic rocks. Thus, the existence of an Eu anomaly reflects the 
signature of earlier events in an igneous environment and the preponderance of K-feldspar 
over Ca-plagioclase in the source of the sedimentary rocks (Taylor and McLennan, 1985). 
Sedimentary rocks deposited at active continental margins closely associated with a 
volcanic arc show REE characteristics similar to undifferentiated volcanic rocks and the 
lack of Eu-anomaly reflect the abundance of Ca-plagioclase in the source rock (McLennan 
et al., 1993). The shape of the REE pattern can also provide information about both bulk 
composition in the source and about the nature of the dominant igneous process affecting 
the source. Igneous differentiation processes commonly result in light REE enrichment in 
more evolved felsic rocks. The shape of the heavy REE pattern is related to garnet 
fractionation during igneous processes. Garnet fractionation occurs at considerable depths, 
suggesting a mantle origin resulting in a depleted-HREE pattern in igneous rocks and the 
resulting sediments (McLennan and Taylor, 1991). 
A1.2.4 Analytical techniques 
Samples used for geochemical analyses were crushed with a jaw-crusher and milled 
with an agate mill at DINAMIGE (Montevideo, Uruguay), and with Cr-steel mill at the 
laboratory of the University of Johannesburg. Major elements were measured on fusion 
beads (using a 50/50 lithium metaborate/ lithium tetraborate as flux). Selected trace 
elements (Ni, V, Cu, Ga, Sr, Y, Zr, Nb and Pb) were measured on pressed powder tablets. 
These tablets were made using a 8:4 grams ratio between the sample and Herzog binder 
pellets (90% cellulose, 10% wax). Both fusion beads and pressed tablets were analyzed by 
XRF (X-Ray Fluorescence) at SPECTRAU, using a Phillips wavelength-dispersive XRF 
spectrometer operating with a PANalytical MagiX PRO software. The loss on ignition 
(LOI) was calculated by the difference in weight of the sample prior and after heating 
around 1 gram of sample for two hours at 1100 °C in an electric oven. 
Certain trace (Sc, Cr, Co, Rb, Cs, Ba, Hf, Ta, W, Th, U, As and Sb) and rare earth 
elements (La, Ce, Nd, Sm, Eu, Tb, Yb and Lu) were obtained by INAA (Instrumental 
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Neutron Activation Analysis) at ACME Laboratories (Canada) for the sedimentary rocks. 
Geochemical data (major, trace and rare earth elements) for three samples of the Fish River 
Subgroup (see Appendix 6) were determined by ICP-MS (Inductively Coupled Plasma —
Mass Spectrometery) at ACME Laboratories (Canada). 
A1.3 ISOTOPE GEOCHEMISTRY 
A1.3.1 Methodology 
Sm-Nd 
The Sm/Nd isotopic ratio is only modified during processes of mantle-crust 
differentiation allowing the estimation of the model age or the time at which the initial 
magma was separated from the upper mantle (Sato et al., 1995). The application of the Sm-
Nd method to sedimentary rocks is based on the fact that the parent 147Sm and daughter 
I43Nd isotopes are both rare earth elements and in most cases are not fractionated during 
sedimentary processes. However, during diagenesis REEs released from the detrital phases 
may redistribute within the sediment (Bock et al., 1994; McDaniel et al., 1994), affecting 
the evolution of the Sm-Nd isotope system and the Nd model age (TD M) used in 
provenance studies (McLennan et al., 2006). A complementary approach is to calculate the 
ENd (t) value which indicate the deviation of the 143Nd/ 144Nd value of the sample from that 
of CHUR (Chondritic Uniform Reservoir; DePaolo and Wasserburg 1976). If ENd is 
positive the source was derived from the mantle. Higher ENd values indicate a more 
depleted source. On the other hand, negative ENd values indicate that the origin of the 
magma was from the crust. TDM (model ages) were calculated based on the depleted mantle 
model of DePaolo (1981). This model implies that the mantle suffered fractionation that 
lead to a residual mantle enriched in Sm/Nd but geochemically depleted in large ion 
lithophile elements (LILE). 
Although the Sm-Nd method must be considered as one of the most important 
advances in the field of sedimentary geochemistry, it should be used to complement other 
methods of provenance determination (Nelson and DePaolo, 1988). In order to achieve the 
best results, it fine clastic sediments are sample, because they should be the most 
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homogenized and represent the farthest-travelled material. However, in areas in which 
local provenance is of interest, sandstones may be selected. In some cases, the pair sand-
mudrock may give different results (T DM and cm), because of sorting of components with 
different provenance (McLennan et al., 1989). 
U/Pb zircon dating 
With the development of microprobe mass spectrometers, U—Pb dating of single 
detrital zircons has become a standard method for identification of provenance components 
in clastic (meta)sediments. The systematics of U and Pb in situ analysis of zircons serve as 
one of the most important dating tools available. Zircon is a resistant mineral during 
erosion, transport and deposition, and the peaks in U—Pb age spectra have been found to 
reproduce the ages of rock-forming processes in source terrane(s) quite faithfully. 
However, the detrital zircon approach to sedimentary provenance is controlled by several 
factors such as transport and deposition, recycling, sorting, drainage basin, and also 
artificial biasing during sample preparation. Therefore, detrital zircon dating can evaluate 
the overall mass balance of source components in sediments, when the number of grains 
analyzed is large enough to be statistically significant and in combination with other 
provenance approaches (e.g. Sircombe and Stern, 2002). Nevertheless, for randomly 
selected samples of zircons if more than 30 zircons are analyzed, the probability of 
sampling an age group that represents at least 10% of the population is of about 95% 
(Dodson et al, 1988). Since selection of zircon grains included each morphological type 
observed, the possibility of omission of zircons from rare age groups can been minimized 
(e.g. Thomas et al., 2004). 
A1.3.2 Analytical techniques 
U-Pb geochronology and Nd-isotope analyses were carried out at the Laborat6rio 
de Geologia IsotOpica da Universidade Federal do Rio Grande do Sul (LGI-UFRGS; Porto 
Alegre, Brazil). 
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Sm-Nd 
For Nd-isotope analyses, agate milled samples were heated at 250 °C on a hot plate. 
They were then digested with acids (HF/HNO3) after the addition of a combined spike of 
149Sm/ I5°Nd. The samples were treated using cation exchange columns (resin AG-50x-X8), 
washed into the resin bed carefully with eluent, until the desired REE fraction was released 
from the resin. Then, samples were treated in Teflon columns using a HDEHPLN-B50 
anion resin. For the quantification on thermal ionization mass spectrometer (TIMS), the 
sample was evaporated to dryness. The Sm concentrate was placed on simple Ta-Re 
filaments, while the neodymium concentrate was placed on triple Ta-Re filaments and 
dissolved in H3PO4 0.25N. The sample material was analysed on a VG sector 54 
multicollector TIMS. Neodymium crustal residence ages (TDM) were calculated according 
to the depleted mantle model of DePaolo (1981). ENd(t) values were calculated based on 
average ages estimated for each unit. Nd ratios were normalized to 146 Nd/ 144Nd  = 0.7219. 
Measurements for the La Jolla standard every 10 samples gave 143 Ndv 144Nd = 
0.511859±0.000010. 
U/Pb zircon dating 
Zircon grains were mounted on a 2.3 cm wide epoxy disk and polished. A SEM 
JEOL JSM 5800 was used for BSE images. U-Pb zircon data were acquired by a Laser 
Ablation Microprobe (New Wave UP -213) coupled to a MC-ICPMS (Neptune of 
ThermoFinningan). Laser parameters during the analyses are: repetition rate of 10 Hz, spot 
size of 25 idrn and energy of 5.0 to 6.0 J/cm 2 . The faraday cup configuration of the MC- 
ICPMS was 206pb,  208Pb, 232Th, 238U and MIC's with 2o2Hg, 2o4Hg, 2o4pb, 207pb, with 
acquisition of 50 cycles of 1.04 seconds. Main gas flow was 15 1/min Ar, auxiliary gas 
flow 0.8 1/m, while the sample was carried with 0.8 I/min Ar plus 0.45 1/min He. The GJ-1 
(Simons et al. 2004) standard was analyzed for every 10 zircons and used for internal 
correction of the obtained sample ratios and error calculation. For every measured cycle of 
standard and sample, the raw data was corrected for blanks of 2o2 Hg, 2o4pb, 2o6pb, 208pb, 
232Th, 238U mass and 204Hg presence. The obtained ratios of 207Pb/206Pb and 206Pb/238U  was 
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corrected for common Pb using the Stacey and Kramer (1975) curve and using the 
estimated ages of the analyzed zircon. Due to fractionation of 206Pb/238U ratio during 
ablation, the obtained ratios were calculated as zero ablation intercepts of least-squares 
regression line (Koesler and Sylvester, 2003). 
A1.4 HEAVY MINERALS 
A1.4.1 Methodology 
The study of the heavy mineral fraction of clastic sediments is a useful tool to 
understand the nature of their source, especially when it is applied in combination with 
other techniques such as geochemistry, petrography, zircon dating and Nd isotopes (e.g. 
Morton, 1991, 1994, 1999; Mange-Rajetzky, 1995; Preston et al., 2002). Geochemical 
single grain analysis not only helps in the identification and sub-classification of certain 
mineral species, but it also helps in the identification of the parental rock (Morton, 1985; 
Preston et al., 2002). This approach is superior to the use of optical techniques and 
therefore, it is more objective. It can be applied to a wide group of detrital minerals such as 
spinels, pyroxenes, sphenes, amphiboles, epidotes, garnets and tourmalines. All of these 
minerals have potentially large compositional ranges within sediments. It is also a useful 
technique for the study of detrital opaque minerals. However, of all the above mentioned 
minerals, pyroxenes, amphiboles and epidotes are moderately or extremely susceptible to 
intra-stratal solution under both deep burial and weathering conditions (Morton, 1985). 
Garnets are one of the most suitable groups for this type of analysis and indicate the 
metamorphic conditions in which they form as well as their protoliths. There is a wide 
variety of potential compositions in sediments, with seven principal garnet end-members 
(pyrope, almandine, spessartine, grossular, andradite, uvarovite and hydrogrossular). The 
chromian spinels are of particular significance to sedimentary provenance studies for a 
variety of reasons: (1) they crystallize from mafic and ultramafic magmas over a wide 
range of conditions and therefore are a sensitive indicator of the original composition of 
the host magmatic rock (Irvine, 1967), (2) the unusual chemical durability of chromian 
spinels makes its original composition more likely to be preserved against processes of 
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weathering and diagenesis and, (3) the hardness and lack of cleavage make spinels 
physically resistant to mechanical breakdown (Mange and Maurer, 1992; Morton, 1991; 
Morton and Hallsworth, 1999). 
A1.4.2 Analytical techniques 
The heavy mineral separation and concentration procedure of Mange and Maurer 
(1992) was used in this work. The separation of heavy minerals was carried only on 
selected fine to medium-grained sandstones in order to avoid confusing results because of 
the hydrodynamic fractionation shown by samples with different grain sizes (Morton and 
Hallsworth, 1994; Gehrels, 2000). The samples were crushed and sieved between 75-212 
um. This concentrate was treated with bromoform (6 = 2.89 g/cm 3) to obtain the complete 
heavy minerals fraction. Methylene iodide (6 = 3.32 g/cm 3) was used in certain samples to 
obtain a fraction enriched in zircons, followed by an electromagnetic separation with a 
Frantz Isodynamic Separator. However, the zircon population of some samples was 
extracted from the 6>2.89 g/cm 3 fraction. In either case, zircon grains were hand-picked 
under a binocular microscope for dating purposes and grains representing all sizes and 
morphological types were selected. The fraction was embedded randomly into epoxy resin, 
polished down and carbon coated. Thin sections were also polished and carbon coated and 
used for the identification and quantitative and semi-quantitative chemical analyses of the 
heavy minerals. The identification and characterization (shape, size, fractures, inclusions) 
of the heavy minerals were done under a binocular microscope, and using a scanning and 
backscattered electron microscope using energy dispersive spectrometry (SEM-BSE-EDS). 
The SEM-BSE-EDS system was set at 15 keV, a working distance of 20mm and a live 
time of 60 s per spot, and is the same equipment as described above (see section A1.2). 
Quantitative analyses of the heavy minerals were carried out with a Cameca 355 electron 
microprobe equipped with an Oxford link integrated WDS/EDS, set at a voltage of 15 keV, 
and with a JEOL 733 with WDS/EDS set at a voltage of 15 keV. Beam current diameter in 
both microprobes was between 8 to 10 microns; ZAF corrections were effected under 
standard procedures. Values obtained for each grain analyzed are listed in Appendix 3. 
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• ter 2 
APPENDIX 2 
X-RAY bIFFRACTOMETRY ANALYSES 
Table 1. XRD results from Haribes/Rosenhof Members Cha 
Sam • le 03-385 03-387 03-388 03-389 03-392 03-401 03-403 03-407 03-410 
Quartz 
Orthoclase 
Microcline 
x 
x 
x x x x 
x 
x 
x 
x 
x 
x x 
Albite 
Magnetite 
x 
x x x 
x x x x 
x 
x 
Hematite 
Titanite 
Rutile 
x x 
x 
x 
x 
x 
x 
x x 
x 
Chlorite 
Muscovite 
Garnet 
Zircon 
Epidote 
Pyroxene 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
Sam ile 	 03-411 	 03-412 	 03-414 	 03-418a 03-418b 	 03-419 	 03-421 
	 03-422 	 03-423 
Quartz 	 x 	 x 	 x 	 x 	 x 	 x 	 x 	 x 	 x 
Orthoclase 	 x 	 x 
Microcline 	 x 	 x 	 x 	 x 	 x 	 x 	 x 
Albite 	 x 	 x 	 x 	 x 	 x 	 x 	 x 	 x 
Magnetite 
Hematite 	 x 	 x 	 x 	 x 	 x 
Titanite 	 x 	 x 
Rutile 	 x 	 x 
Chlorite 	 x 	 x 	 x 	 x 
Muscovite 	 x 	 x 	 x 	 x 
Garnet 	 x 	 x 
Zircon 
Epidote 
Pyroxene x x x x x 
x 
x 	 x 
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Table 2. XRD results from the Nama Grou P ( Cha p ter 4) 
Sample 03-379 03-429 	 03-432 03-439 03-440 	 03-441 03-442 03-565 	 03-566 
Formation Nababis Gross Aub Stockdale Nababis 
Member Haribes Rosenhof Wasserfall 
Quartz x x 	 x x x 	 x x x 	 x 
Albite x 	 x x x 	 x x x 	 x 
Microcline x x x 	 x 
Orthoclase 
Muscovite x 	 x x x 	 x x 	 x 
Biotite 
Calcite x x 	 x 
Dolomite 
Chlorite x 	 x x x 	 x x 
11lite x x x 
Hematite x 	 x x x 	 x 
Montm 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite x 
x 
Rutile 
Titanite x 
Almandine 
Sample 
Formation 
Member 
03-567 03-568 
Nababis 
03-569 03-444 03-445 	 03-446 
Stockdale 
Inachab 
03-447 03-559 	 03-560 
Nababis 
Quartz x x x x x x x x 
Albite 
Microcline 
Orthoclase 
x 
x 
x 
x 
x 
x 
x 
Muscovite 
Biotite 
Calcite 
x 
x 
x 
x 
x 
x 
x 
x x 
Dolomite 
Chlorite 
Mite 
Hematite 
Montm x 
x x 
x 
x 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite 
x 
x 
x x x 
Rutile 
Titanite 
Almandine x 
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Table 2. XRD results from the Nama Group (Chapter 4 
Sample 03-562 03-449 03-450 03-451 03-454 	 03-455 03-374 03-375 03-376 
Formation Nababis Stockdale Stockdale Nababis 
Member Haseweb Kabib Breckhom 
Quartz x x x x x 	 x x x x 
Albite x x x x x x 
Microcline x x x x 
Orthoclase 
Muscovite x x x x 	 x(ser) x 
Biotite 
Calcite x 
Dolomite 
Chlorite x 
Mite 
Hematite x x x x x 
Montm x x x x x 
Kaolinite 
Vermiculite 
Glauconite x x 
Phlogopite 
Rutile 
Titanite 
Almandine 
Sample 03-377 03-378 03-570 03-571 03-572 03-434 03-435 03-436 03-437 
Formation 
Member 
Nababis 
Breckhorn Zamnarib 
Quartz 
Albite 
Microcline 
Orthoclase 
Muscovite 
Biotite 
Calcite 
Dolomite 
Chlorite 
Mite 
Hematite 
Montm 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite 
Rutile 
Titanite 
Almandine 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
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Table 2. XRD results from the Nama Group (Chapter 4) 
Sample 03-575 	 03-577 nom-32 nom-1 	 nom-3 nom-4 03-517 03-518 03-519 g 
Formation Nomtsas Vergesig 
Member Zamnarib Niep/Kreyriver 
Quartz x 	 x x x 	 x x x x x 
Albite 
Microcline 
x 	 x 
x 
x 	 x x x x x 
Orthoclase 
Muscovite x 	 x x x x 
Biotite 
Calcite x x 	 x x 
Dolomite 
Chlorite 
Mite 
Hematite 
x 	 x 
x 	 x x 
x 	 x 
x 	 x 
x 
x 
x x 
x 
x 
Montm 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite 
Rutile 
Titanite 
x x 	 x x 
x 
Almandine 
Sample 03-510 03-511 03-512 	 03-513 03-514 03-515 03-551 03-553 03-554 
Formation Nomtsas Urusis 
Member Niep/Kreyriver Spitskop 
Quartz x x x 	 x x x x x x 
Albite 
Microcline 
x 
x 
x 
x 
x 	 x x x x x 
x 
Orthoclase 
Muscovite x 	 x x x x 
Biotite 
Calcite x 
Dolomite 
Chlorite 
IIlite 
x 	 x x x x 
x 
Hematite 
Montm 
Kaolinite 
Vermiculite 
Glauconite x 	 x x x x 
Phlogopite 
Rutile 
Titanite 
Almandine 
204 
Table 2. XRD results from the Nama Grou 
Sample 
Formation 
Member 
Quartz 	 x 	 x 
Albite 	 x 	 x 
Microcline 	 x 
Orthoclase 
Muscovite 
Biotite 
Calcite 	 x 	 x 	 x 
Dolomite 
Chlorite 	 x 	 x 
IIlite 
Hematite 
Montm 
Kaolinite 
Vermiculite 
Glauconite 	 x 	 x 
p (Cha P ter 4 ) 
03-536 	 03-491 	 03-494 	 03-495 
Urusis 
Nasep 
x 
	 x 
	
x 
	
x 
x 
	 x 
	
x 
	
x 
x 
x 
x 
x 
	
x 	 x 
x 
03-555 	 03-556 
Urusis 
Spitskop 
03-530 
x 
x 
03-482 	 03-483 
Nudaus 
Niederhagen 
x x 
x x 
Phlogopite 
Rutile 
Titanite 
Almandine 
 
x 	 x 	 x 	 x 
   
Sample 03-485 K2 K5 K7 03-466 03-468 03-469 03-475 	 03-476 
Formation Nudaus Dabis Zaris Dabis 
Member Niederhagen Kanies Omkyk Kliphoek 
Quartz x x x x x x x x 	 x 
Albite x x x x x x x 
Microcline 
Orthoclase 
x x x x x 
x 
x 	 x 
Muscovite 
Biotite 
x x 
x 
x x x x 
Calcite 
Dolomite 
Chlorite 
IIlite 
x 
x 
x 
x 
x 
Hematite 
Montm 
Kaolinite 
x 
x 
Vermiculite 
Glauconite 
Phlogopite x 
Rutile 
Titanite x 
Almandine 
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Table 2. XRD results from the Nama Group (Chapter 4) 
Sample 03-545 03-546 03-547 03-477 	 03-479 03-470 	 03-471 03-497 	 03-498 
Formation Dabis Dabis Zaris Zaris 
Member Kliphoek Hoogland Kanies Omkyk 
Quartz x x x x 	 x x x x x 
Albite x x x x 
Microcline x x x x 
Orthoclase 
Muscovite 
Biotite 
Calcite 
x x x x 	 x 
x 
x x 
x 
x 
x 
x 
x 
Dolomite 
Chlorite 
Illite x 
x 	 x 
x 
x x 
Hematite 
Montm x x 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite 
Rutile x x x x 
Titanite 
Almandine 
Sample 03-499 03-501 03-502 UR-10 UR-1 
Formation Zaris Zaris 
Member Omkyk Urikos 
Quartz x x x x x 
Albite x x x x x 
Microcline 
Orthoclase 
Muscovite x x x x 
Biotite 
Calcite x x 
Dolomite 
Chlorite x x x x x 
Illite x x x 
Hematite 
Montm 
Kaolinite 
Vermiculite 
Glauconite 
Phlogopite 
Rutile 
Titanite x 
x 
Almandine 
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Table 3. XRD results from the Arroyo del Soldado Group (Chapter 5) 
Formation Cerros San Francisco 
Sample 041108 /7 
041108 
/6 
041108 
/8 
041108 
/9 
041116 
/8 
041116 
/9 
041116/ 
10 
041116/ 
11 
980313 
/3 
041117 
/5 
970408 
/1 
Quartz x x x x x x x x x x x 
Microcline 
Orthoclase 
x x x x 
x 
Illite 
Muscovite x x 
Albite 
Biotite 
Vermiculit 
e 
Phengite 
Lepidocro 
cite 
Dolomite 
Calcite 
Rutile x 
Hematite 
Glauconite 
Clinochlor 
e 
Ankerite 
Barite x 
Formation Cerro Espuelitas 
Sample 980313/4 041117/2 041117/3A 980313/2 041117/4 970320/4 
Quartz x x x x x x 
Microcline x 
Orthoclase 
Illite x 
Muscovite x x x x x 
Albite 
Biotite 
Vermiculite 
x x x x 
x 
Phengite 
Lepidocrocite 
Dolomite 
Calcite 
Rutile 
Hematite 
Glauconite x x 
Clinochlore 
Ankerite 
Barite 
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Table 3. XRD results from the Arroyo del Soldado Group (Chapter 5) 
Formation Barriga Negra 
Sample 970516 /3 
041107 
/6 
041107 
/8 
970410 
/3 
041107 
/5 
970504 
/5 
041107 
/7 
970410 
/5 
970410 
/2 
041107 
/9 
Quartz x x x x x x x x x x 
Microcline 
Orthoclase 
x 
x 
x x 
x x 
x x 
Mite x x x x x x x 
Muscovite x x x x x x 
Albite x x x x x x x x x x 
Biotite 
Vermiculit 
e 
Phengite 
Lepidocroc 
ite 
Dolomite x 
Calcite 
Rutile 
Hematite 
Glauconite 
x 
x 
x 
x 
x x x 
x 
x 
x 
x 
x 
x 
x 
x 
Clinochlore 
Ankerite 
x x x x x x x x x 
x 
Barite 
Formation 
Sample 
Barriga Negra I Verbal 
980317 
/8 
041108/ 
3B 
020528 
/2 
020528 
/3 
041107 
/4 
041106/ 
10 
980304 
/5 
041106 
/7 
980311 
/3 
041118/ 
11 
Quartz 
Microcline 
Orthoclase 
IIlite 
Muscovite 
Albite 
Biotite 
Vermiculit 
e 
Phengite 
Lepidocroc 
ite 
Dolomite 
Calcite 
Rutile 
Hematite 
Glauconite 
Clinochlor 
e 
Ankerite 
Barite 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
208 
Table 3. XRD results from the Arroyo del Soldado Group (Chapter 5) 
Formation Yerbal 
Sample 041118/1 0 
030129/1 
A 
041109/ 
4 
041109/ 
3 
041109/ 
2 
041107/ 
1 
041106/1 
1 
041106/ 
9 
980331/ 
2 
Quartz 
Microcline 
Orthoclase 
Illite 
x 
x 
x 
x 
x 
x 
x 
x 
x x x x 
x 
x 
x 
Muscovite 
Albite 
Biotite 
Vermiculite 
Phengite x 
x 
x x 
x 
x 
x x x 
Lepidocrocit 
e 
x 
Dolomite 
Calcite 
Rutile x 
Hematite x x 
Glauconite 
Clinochlore x x x 
Ankerite 
Barite 
Formation 
Sam 1 le 
Yerbal 
980331/3 980331/5 980331/6 041106/8 041106/5 041106/1 
Quartz x x x x x x 
Microcline 
Orthoclase 
Illite x x x x x 
Muscovite 
Albite 
x x 
x x 
x x x 
Biotite 
Vermiculite 
Phengite 
Lepidocrocite 
Dolomite 
Calcite 
Rutile 
Hematite 
x x x 
x 
Glauconite 
Clinochlore x x x 
Ankerite 
Barite 
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APPENDIX 3 
MICROPROBE AND U-Pb ZIRCON DATING RESULTS 
Table 1. Garnet analyses from the "Black Sands" compared with garnet of the  Damara Belt from literature. 
Brown Almandine End Members ( yo ) 
Analysis MgO A1203 Cr203 FeO TiO2 Si02 MnO CaO Total Py Alm Sp Gro 
1 5.83 20.64 0.08 29.86 0.00 37.81 1.51 6.08 101.8 11 72 4 13 
2 6.23 21.32 0.00 27.76 0.09 38.53 1.19 7.35 102.5 12 68 3 17 
3 8.67 20.71 0.00 25.28 0.08 37.71 1.30 6.20 99.9 17 65 3 15 
4 4.32 20.21 0.00 30.27 0.10 36.88 1.18 7.57 100.5 9 73 2 17 
5 5.84 20.87 0.01 28.47 0.03 37.08 1.48 6.87 100.6 11 70 3 15 
6 6.26 21.75 0.01 28.80 0.00 38.13 1.42 6.90 103.3 12 70 3 15 
7 7.84 20.94 0.00 27.81 0.05 38.29 0.86 5.72 101.5 15 70 2 13 
8 10.87 21.84 0.00 24.05 0.08 39.32 0.78 5.63 102.6 22 63 2 13 
9 9.02 21.44 0.04 25.88 0.19 38.62 0.89 6.01 102.1 18 66 2 14 
10 6.83 20.76 0.01 26.84 0.01 37.46 1.96 5.76 99.6 13 68 5 13 
11 9.11 20.68 0.07 24.31 0.19 37.34 0.74 6.25 98.7 19 64 2 15 
12 1.25 19.33 0.00 32.90 0.00 35.70 1.12 7.30 97.6 2 79 3 16 
13 6.67 20.09 0.08 26.36 0.00 36.90 1.25 6.90 98.2 13 67 3 16 
14 2.77 19.89 0.00 26.50 0.08 36.24 4.72 7.56 97.8 5 66 12 17 
15 6.22 21.03 0.00 27.12 0.00 38.22 1.30 7.04 100.9 12 68 3 16 
16 6.12 20.62 0.00 28.05 0.00 38.47 1.68 6.09 101.0 12 70 4 14 
17 5.55 20.52 0.06 30.48 0.09 38.10 1.35 6.17 102.3 10 73 3 14 
18 1.38 20.58 0.11 28.15 0.00 37.20 6.54 7.43 101.4 3 66 15 16 
19 1.05 19.90 0.13 27.68 0.16 36.74 4.53 9.18 99.4 2 67 11 20 
20 3.93 20.35 0.00 31.25 0.01 38.27 0.82 7.00 101.6 7 75 2 15 
Pink Almandine 
21 6.78 22.51 0.01 34.00 0.00 36.77 0.52 0.92 101.5 13 84 1 2 
22 8.21 22.59 0.00 31.58 0.00 36.98 0.23 0.68 100.3 16 81 1 2 
23 6.53 22.63 0.01 33.36 0.00 36.78 0.77 1.15 101.2 13 83 2 3 
24 5.21 22.51 0.03 34.92 0.00 36.68 0.49 1.01 100.8 10 86 1 2 
25 8.65 22.65 0.01 29.72 0.04 37.22 0.32 1.11 99.7 19 78 1 3 
26 7.35 22.49 0.00 32.03 0.03 36.62 1.04 0.80 100.4 14 81 3 2 
27 5.35 22.23 0.00 33.85 0.00 36.73 1.42 1.01 100.6 10 84 4 2 
28 7.64 22.22 0.01 31.00 0.04 36.87 0.26 0.94 99.0 16 81 1 2 
29 6.38 22.77 0.01 32.77 0.00 36.63 0.49 1.10 100.2 13 84 1 3 
30 8.95 23.04 0.01 29.14 0.03 37.46 0.62 1.20 100.4 18 77 2 3 
3I 7.05 22.34 0.04 32.47 0.00 36.99 0.82 0.90 100.6 14 82 2 2 
32 6.58 22.43 0.00 33.70 0.00 36.05 0.49 0.91 100.2 13 84 1 2 
33 6.61 21.22 0.00 32.20 0.00 35.19 0.47 1.12 96.8 13 83 1 3 
34 9.24 22.59 0.00 30.21 0.00 37.49 0.36 0.82 100.7 19 78 1 2 
35 9.35 23.26 0.01 29.72 0.00 37.57 0.83 1.20 101.9 19 76 2 3 
36 5.85 22.35 0.01 32.74 0.00 36.54 0.62 2.12 100.2 11 82 2 5 
37 9.03 22.94 0.01 29.82 0.00 37.47 0.37 1.37 101.0 18 78 1 3 
38 9.67 22.80 0.02 29.56 0.04 37.60 0.33 0.97 101.0 20 77 1 2 
39 6.07 22.61 0.03 22.75 0.05 36.93 0.92 8.51 97.9 13 63 3 22 
Formula on the basis of 24 oxygens  
Representative almandine analyses from pelitic-schist, Chuos Formation, Swakop Group (after Nex et al., 2001)  
15 	 3 
Core 	 4.85 	 22.24 	 n.d. 	 33.98 	 0.00 	 37.73 	 1.45 	 0.84 	 101.3 	 to 	 68 to 	 to 	 n.d. 
29 	 82 	 4 
8 
Rim 	 3.84 	 21.62 	 n.d. 	 34.85 	 0.05 	 37.10 	 1.61 	 0.88 	 99.9 	 to 
24 
74 to 
87 
2 
to 	 n.d. 
5 
Almandine analyses of Swakop and Nosib Group metasedimentary rocks (after Jung and Mezger, 2003)  
Core 	 5.39 	 21.6 	 n.d. 	 29.89 	 n.d. 	 38.31 	 4.43 	 1.48 	 101.1 
Rim 	 3.6 	 21.43 	 n.d. 	 35.51 	 n.d. 	 38.33 	 5.57 	 1.42 	 101.86 
Core 	 4.65 	 20.02 	 n.d. 	 31.01 	 n.d. 	 38.17 	 4.2 	 1.65 	 99.7 
Rim 	 4.42 	 20.07 	 n.d. 	 31.37 	 n.d. 	 38 	 4.62 	 1.75 	 100.23 
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Table 2. Rutile Analyses 
Analysis MgO FeO MnO TiO2 Cr2O3 CaO Nb2 O5  V205 Total 
1 0.07 0.13 0.03 99.86 0 0 0.05 0.32 100.7 
2 0.09 0 0.08 98.52 0.02 0 0.12 0.2 99.3 
3 0 0.37 0.03 100.61 0 0 0 0 101.2 
4 0.02 0.2 0 99.57 0.25 0.05 0.13 0.07 100.4 
5 0.08 0.19 0.09 98.78 0.16 0 0.55 0.04 100.0 
6 0 0.05 0 100.06 0 0.01 0.41 0 100.7 
7 0 0.38 0.07 99.23 0 0 0.31 0 100.1 
8 0 0.04 0 100.09 0.14 0.09 0.35 0 100.8 
9 0.03 0.34 0 100.13 0.07 0.03 0 0 100.8 
10 0.05 0 0.08 101 0.15 0.03 0.11 0.27 101.8 
11 0 0.19 0.07 99.67 0.18 0 0.04 0.37 100.8 
12 0 0.39 0 99.81 0.09 0 0.33 0.23 101.1 
13 0 0.13 0.16 99.45 0 0 0.38 0 100.2 
14 0.01 0 0 102.9 0.25 0.04 0 0 103.3 
15 0 0 0 100.93 0.21 0.03 0 0 101.4 
16 0 0 0 100.19 0.19 0 0.07 0 100.5 
17 0 0.29 0 99.87 0 0 0.26 0.17 100.7 
18 0.08 0.2 0 99.91 0.17 0 0.64 0 101.2 
19 0 0.5 0 100.19 0 0 0.29 0.73 101.8 
20 0 0.17 0 98.04 0.03 0 0.21 0.48 98.9 
21 0.01 0.24 0.15 99.45 0 0.09 0.42 0 100.4 
22 0 0 0.1 100.03 0.23 0 0.11 0.58 101.6 
23 0.09 0 0 98.65 0.21 0.11 0.09 0.24 99.5 
24 0.09 0.2 0 98.55 0.07 0.03 0.1 0.56 99.6 
25 0.06 0.36 0.04 98.64 0 0.12 0.21 0.54 100.0 
26 0.1 0.45 0.08 98.21 0 0 0.95 0.24 100.2 
27 0.08 0.17 0 97.12 0.11 0.1 0.65 0.39 98.8 
28 0.12 0.29 0 97.1 0.21 0.06 0.63 0 98.5 
29 0.1 0.31 0.06 97.9 0.13 0.21 0.21 0 98.9 
30 0 0.2 0.15 100.1 0.02 0.05 0.1 0 100.6 
31 0 0.29 0 100.11 0.07 0.07 0 0 100.5 
32 0 0.14 0.05 98.61 0.1 0.02 0 0.32 99.3 
33 0.01 0.26 0 99.27 0 0.06 0.18 0.61 100.5 
34 0 0.11 0.07 97.58 0.09 0 0.12 0.82 98.8 
35 0 0.08 0.05 97.81 0.14 0.01 0.25 1.14 99.5 
36 0 0.17 0.14 96.69 0.03 0 0.15 0.58 97.8 
37 0.01 0 0 98.75 0.24 0 0 0.11 99.1 
38 0.01 0.16 0 98.85 0.22 0.05 0.11 0.07 99.5 
39 0.06 0.19 0.06 99.25 0 0 0.22 0.04 99.9 
40 0.1 1.08 0 95.16 0.3 0.11 0 0 96.8 
50 0.05 0 0.04 97.78 0 0 0.22 0 98.1 
51 0.08 0.18 0 98.07 0.29 0.06 0.26 0 99.4 
52 0 0.08 0.06 98.6 0.1 0.05 0.2 0 99.1 
53 0.02 0 0 98.49 0.14 0.11 0.09 0.07 99.2 
54 0 0.16 0.05 98.96 0.21 0 0 0 99.4 
55 0.12 0 0 98.28 0.1 0.03 0.05 0 98.7 
56 0 0.28 0.18 98.29 0 0.01 0.32 0 99.7 
57 0.02 0.32 0.11 97.83 0 0.07 0.26 0.14 98.8 
58 0.01 0.13 0.04 99.1 0 0.03 0 0 99.4 
59 0 0 0 99.04 0.15 0.05 0 0 99.3 
60 0.01 0.39 0 92.48 0.16 0.15 0.06 0.21 93.5 
61 0 1.52 0 91.75 0.41 0.12 0.35 0.06 94.3 
Formula on the basis of 2 oxygens 
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Table 3. Epidote analyses 
Analysis SiO2 A1203 FeO Fe2O3 MnO TiO2 CaO Cr2O3 Na2O K2O Total 
1 37.82 23.92 11.51 12.81 0.23 0.06 22.95 0.19 0.07 0.03 96.8 
2 37.44 22.49 12.95 14.41 0.34 0.17 22.81 0 0.09 0.02 96.3 
3 37.8 25.41 9.69 10.78 0.07 0.16 23.15 0 0.02 0.06 96.4 
4 37.09 21.48 14.16 15.76 0.09 0.09 22.76 0.05 0 0 95.7 
5 38.3 25.22 9.2 10.24 0.07 0.13 23.03 0 0.04 0 96.0 
6 37.36 21.94 13.12 14.60 0 0 23.16 0 0.09 0.01 95.7 
7 37.65 24.45 10.52 11.71 0.33 0.04 22.9 0 0 0 95.9 
8 37.04 23.46 11.58 12.89 0.07 0.09 22.71 0.14 0.1 0 95.2 
9 38.04 22.95 12.89 14.35 0.02 0 23.2 0.05 0 0.11 97.3 
10 37.31 23.03 11.95 13.30 0 0.14 23.08 0 0.02 0 95.5 
11 37.31 23.44 11.52 12.82 0.44 0.15 23.06 0 0 0 95.9 
12 37.75 23.77 11.6 12.91 0.24 0.24 22.74 0 0.05 0.06 96.4 
13 37.67 24.77 9.64 10.73 0.26 0.2 21.95 0 0.05 0 94.5 
14 37.84 23.78 10.87 12.10 0.29 0.17 23.15 0 0 0.08 96.2 
15 37.3 22.84 12.01 13.37 0.04 0.06 22.96 0 0 0 95.2 
16 37.04 21.49 13.77 15.33 0.05 0.02 22.73 0.12 0 0 95.2 
17 36.99 22.2 13.34 14.85 0.21 0.06 22.92 0.16 0 0.02 95.9 
18 38.03 23.95 10.85 12.08 0.2 0.26 22.95 0 0.08 0 96.3 
Formula on the basis of 25 oxygens 
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Table 4. Magnetite and oxide exsolution lamellae analyses (see Chapter 2 for details) 
Analysis 	 SiO 2 A1203 MgO MnO TiO2 Cr2O3 CaO Nb2O5 V205 Fe2O3 Total 
1 	 0.1 0.19 0.14 0.1 10.46 0.05 0 0.05 0.03 92.64 103.8 
2 	 0.12 0.05 0.07 0 16.67 0.13 0 0.13 0.31 87.01 104.5 
3 	 4.06 2.2 0.22 0.19 11.96 0.18 0.08 0 0.24 83.54 102.7 
4 	 0.17 0 0.02 0 15.93 0.32 0.14 0 0.48 89.05 106.1 
5 	 0.22 0.12 0.14 0.15 25.14 0 0 0.04 0.12 79.99 105.9 
6 	 0.41 0.18 0.13 0.25 0.78 0 0 0.07 0.2 102.22 104.2 
7 	 0.4 0.15 0.05 0.02 28.07 0 0 0 0.07 75.26 104.0 
8 	 0.22 0 0.17 0.72 21.45 0 0.05 0 0 84.2 106.8 
9 	 0.24 0.12 0.11 0.47 19.52 0.11 0 0.09 0.13 85.83 106.6 
10 	 0.42 0.11 0.01 0 0.74 0 0.03 0 0.34 102.44 104.1 
11 	 0.21 0.14 0.13 0 0.17 0.13 0.09 0.11 0 103.15 104.1 
12 	 0.36 0.27 0.06 0.34 0.56 0.03 0.19 0.25 100.38 102.4 
13 	 0.32 0.08 0.11 0.24 0.99 0.15 0.07 0 0.14 101.23 103.4 
14 	 0.25 0.25 0 0 18.6 0 0 0.28 0.05 87.8 107.2 
15 	 0.04 0.22 0 0.22 12.49 0.17 0 0.02 0.05 92.32 105.5 
16 	 0.19 0.03 0.02 0.02 0.13 0 0.05 0.06 0.43 101.2 102.1 
17 	 0.1 0.19 0.19 0.02 17.53 0.04 0.02 0.08 0.17 86.29 104.6 
18 	 4.37 2.84 3.5 0.08 25.5 0.12 0 0 0 63.35 99.8 
19 	 0.26 0.11 0.13 0.45 16.37 0.08 0 0 0.07 87.89 105.3 
20 	 0.26 0.09 0 0 14.47 0.12 0.01 0.11 0.34 89.04 104.4 
21 	 0.14 0.39 0.47 0.33 20.05 0.27 0.03 0.16 0.49 83.3 105.6 
22 	 0.14 0.12 0 0.03 16.51 0.2 0.01 0.07 0.07 87.94 105.1 
23 	 0.5 0.09 0.04 0 15.55 0 0.12 0.21 0 87.23 103.8 
24 	 0.21 6.44 0.09 0 19.19 0.44 0.01 0 0 81.01 107.4 
25 	 0.43 0.43 0.05 0.21 0.57 0.13 0 0 0 104.18 106.5 
26 	 0.12 0 0 0.31 15.45 0.03 0.14 0.02 0 90.58 106.7 
27 	 0.45 0.18 0.09 0.04 18.21 0.18 0 0.26 0 87.72 107.1 
28 	 0.44 0.07 0 0.08 0.94 0 0 0.07 0.19 103.23 105.0 
29 	 0.74 0.12 0 0 37.24 0.08 0.73 0.16 0 67.57 106.6 
30 	 0.06 0.08 0.07 0.28 9 0.09 0 0.18 0.36 99.3 109.4 
31 	 0.43 0.2 0.18 0.16 1.27 0 0.02 0.06 0.35 102.62 105.3 
32 	 0.13 0.18 0.13 0.23 0.19 0 0.01 0.18 0.45 105.93 107.4 
33 	 .01< 0 0.09 0 16.65 0.09 0.13 0.04 0.07 90.25 107.3 
34 	 1.95 1.31 0.54 0.26 1.28 0.12 0.02 0.18 0.25 100 105.9 
35 	 0.16 0.01 0.09 0.02 17.87 0 0.04 0.04 0.74 87.95 106.9 
36 	 0.31 0.16 0.03 0 0.49 0 0 0 0.29 105.98 107.3 
37 	 0.91 0.58 0.28 0 1.6 0 0 0 0 101.73 105.1 
38 	 0.21 0.04 0.06 0.26 14.78 0.13 0 0.17 0 94.7 110.4 
39 	 0.51 0.41 0.04 0 0.93 0 0.05 0 0.15 105.72 107.8 
40 	 0.5 0 0 0.32 1.75 0.11 0 0 0.03 104.71 107.5 
41 	 0.28 0.15 0.2 0.4 16.18 0 0.14 0 0.73 91.49 109.6 
42 	 0.24 0.06 0.04 0.08 35.58 0 0 0.1 0.03 72.84 109.0 
43 	 0.17 0.13 0 0 24.95 0.13 0.05 0.08 0.16 83.8 109.5 
44 	 0.4 0 0 0 0.64 0 0.1 0 0.16 98.97 100.3 
Formula on the basis of 6 oxygens 
no exsolution <2p ► 2- 10pm 
10- 
40pm >40pm Total 1 2 3 Total 
27,8% 26,8% 33,9% 10,7% 0,9% 100% 58% 14% 28% 100% 
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Table 5. Titanite analyses 
Analysis A1203 MgO FeO MnO TiO2 Cr203 CaO Nb2O5 V205 Si02 Total 
1 1.82 0 0.52 0 38.4 0 27.28 0.17 0.4 29.97 98.5 
2 0.82 0.09 1.06 0.06 44.36 0 24.89 0.4 0 26.4 98 
3 1.57 0.03 0.21 0.19 39.56 0.02 27.73 0.14 0 29.6 99 
4 1.36 0.09 1.43 0 46.2 0.23 24.52 0.09 0.24 26.65 100.8 
5 2.1 0.02 0.56 0.2 37.49 0.05 27.72 0 0.06 29.44 97.6 
6 0.56 0.11 0.18 0.05 39.11 0.05 26.42 0.05 0.03 28.55 95 
7 0.59 0 1.36 0 43.74 0 25.04 0.11 0.18 26.62 97.6 
8 1.99 0.08 0.35 0.24 38.08 0 27.21 0.07 0.07 28.7 96.7 
9 3.86 0 0.66 0.09 34.48 0.13 27.09 0.12 0 29.14 95.5 
10 4.85 0.04 0.87 0.15 33.59 0.02 27.7 0.03 0 29.55 96.8 
11 1.12 0.2 2.35 0.06 46.22 0 21.62 0.13 0.17 23.37 95.2 
12 1.82 0.14 3.42 0 42.67 0.09 22.73 0 0.42 24.49 95.7 
13 1.54 0.17 4.45 0.2 48.64 0 19.71 0 0.25 21.8 96.7 
14 1.61 0.12 0.8 0 38.78 0.04 27.64 0.14 0 29.67 98.8 
15 0.48 0 0 0.13 41.4 0.18 28.32 0.06 0.13 30.25 100.9 
16 1.43 0.11 4.07 0.24 42.39 0 23.33 0 0 25.69 97.2 
17 0.88 0.01 0.41 0 39.19 0 26.89 0.28 0 28.45 96.1 
18 1.19 0.05 4.7 0.12 49.43 0 19.81 0 0.21 21.54 97 
19 1.03 0.05 5.82 0.08 44.17 0.16 23.37 0 0.34 25.43 100.4 
20 0.98 0.1 0.91 0.12 44.11 0.08 25.19 0.04 0.02 27.25 98.7 
21 1.13 0 1.43 0.04 44.21 0 25.45 0.05 0.58 27.26 100.1 
22 1.29 0.21 0.76 0 37.65 0.11 25.06 0 0.14 27.34 92.5 
23 1.62 0.03 1.13 0 35.75 0.17 25.71 0 0 28.07 92.4 
24 1.18 0.1 4.35 0.06 38.38 0 22.75 0 0 24.81 91.6 
25 2.51 0 0.25 0 34.73 0 25.8 0.13 0.42 27.73 91.5 
26 1.31 0.17 2.71 0 39.83 0.1 22.13 0.06 0.27 24.52 91.1 
27 1.15 0.07 5.66 0 42.94 0.04 19.08 0.16 0 21.4 90.4 
28 1.34 0 0.88 0 36.82 0 25.33 0 0 27.81 92.1 
29 2.36 0.02 1.44 0 36.53 0 25.41 0 0.23 27.36 93.3 
30 0.94 0.02 5.65 0.09 45.12 0.11 19.68 0 0 21.43 93 
31 1.25 0 2.31 0.45 45.17 0 21.06 0.03 0.39 22.2 92.8 
32 2.53 1.1 7.44 0 35.77 0 20.94 0.21 0.16 25.25 93.3 
33 0.88 0.16 3.81 0 46.07 0.22 19.41 0 0 22.52 93 
Formula on the basis of 4 oxygens 
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Table 6. Microprobe analyses of chromian spinels (formula on the basis of 24 oxygens). 
An Si Ti Ale Cr2 V2 Fe2 	 Fe Mn Mg Ca Zn Tot Fe3+ Cr Fe2 Fe2+/F 
al. 02 02 03 	 03 05 03 	 0 	 0 	 0 	 0 	 0 	 al 	 # 	 # 	 +I/ 	 e3+ 
Niederhagen Member 
0. 	 1.0 	 9.6 	 47. 	 0.6 	 8.9 	 29. 	 0.3 	 3.6 	 0.0 0.5 	 102 	 0. 	 0. 	 0.8 
36 	 8 	 8 	 60 	 5 	 9 	 18 	 3 	 2 	 5 	 1 	 .1 	 12 	 77 	 2 
0. 	 0.8 	 9.7 	 47. 	 0.4 	 7.9 	 29. 	 0.0 	 3.5 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.8 
32 	 7 	 2 	 50 	 3 	 7 	 03 	 0 	 9 	 0 	 0 	 4 	 11 77 	 2 
0. 	 0.6 	 17. 	 44. 	 0.5 	 4.7 	 23. 	 0.2 	 7.8 	 0.0 0.0 	 100 	 0. 	 0. 	 0.6 
43 	 8 	 87 	 36 	 6 	 0 	 95 	 9 	 3 	 0 	 0 	 .7 	 06 62 	 3 
0. 	 0.7 	 17. 	 45. 	 0.5 	 3.9 	 24. 	 0.0 	 7.5 	 0.1 0.0 	 100 	 0. 	 0. 	 0.6 
45 	 3 	 37 	 30 	 1 	 1 	 40 	 0 	 8 	 0 	 0 	 .4 	 05 64 	 4 
0. 	 1.2 	 15. 	 43. 	 0.4 	 7.0 	 21. 	 0.0 	 8.6 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.5 
09 	 1 	 54 	 96 	 3 	 2 	 99 	 0 	 3 	 9 	 0 	 0 	 09 65 	 9 
0. 	 1.0 	 15. 	 43. 	 0.4 	 6.2 	 21. 	 0.1 	 8.1 	 0.0 0.0 	 96. 	 0. 	 0. 	 0.6 
17 	 1 	 56 	 09 	 6 	 0 	 91 	 3 	 1 	 5 	 0 	 7 	 08 65 	 0 
0. 	 1.0 	 15. 	 45. 	 0.8 	 6.4 	 23. 	 0.2 	 8.2 	 0.0 0.0 	 101 	 0. 	 0. 	 0.6 
29 	 8 	 40 	 41 	 1 	 5 	 28 	 5 	 5 	 0 	 0 	 .2 	 08 66 	 1 
0. 	 1.1 	 15. 	 44. 	 0.3 	 5.7 	 22. 	 0.3 	 8.1 	 0.0 0.2 	 98. 	 0. 	 0. 	 0.6 
41 	 5 	 38 	 24 	 8 	 5 	 44 	 6 	 1 	 6 	 6 	 5 	 08 66 	 1 
0. 	 1.1 	 13. 	 45. 	 0.8 	 5.3 	 25. 	 0.0 
	 6.0 	 0.2 0.2 	 98. 	 0. 	 0. 	 0.7 
40 0 	 48 	 64 	 1 	 9 	 42 	 0 	 7 	 7 	 7 	 9 	 07 69 	 0 
10 0. 	 0.9 	 13. 	 45. 	 0.4 	 5.9 	 24. 
	 0.0 	 6.0 	 0.0 0.6 	 98. 	 0. 	 0. 	 0.7 
30 	 5 	 32 	 88 	 0 	 8 	 96 	 6 	 7 	 0 	 1 	 5 	 08 70 	 0 
0. 	 0.6 	 16. 	 45. 	 0.7 	 7.2 	 21. 	 0.4 	 8.4 	 0.1 	 1.4 	 102 	 0. 	 0. 	 0.5 
34 	 6 	 06 	 47 	 7 	 6 	 50 	 2 	 9 	 1 	 1 	 .5 	 09 66 
	 9 
0. 	 0.6 	 15. 	 46. 	 0.6 	 5.4 	 22. 	 0.7 	 8.2 	 0.1 0.0 	 100 	 0. 	 0. 	 0.6 
64 	 0 	 63 	 11 	 2 	 4 	 52 	 8 	 2 	 6 	 0 	 .7 	 07 66 	 1 
0. 	 1.2 	 15. 	 44. 	 0.3 	 6.0 	 21. 
	 0.0 	 8.8 	 0.0 0.2 	 98. 	 0. 	 0. 	 0.5 
41 	 6 	 24 	 46 	 1 	 1 	 84 	 0 	 7 	 0 	 3 	 6 	 08 66 	 8 
0. 	 1.0 	 18. 	 43. 	 0.0 	 5.1 	 22. 	 0.0 	 9.2 	 0.0 0.0 	 100 	 0. 	 0. 	 0.5 
39 	 7 	 29 	 81 	 7 	 9 	 29 	 0 	 2 	 8 	 0 	 .4 	 07 62 	 8 
0. 	 0.7 	 18. 	 43. 	 0.3 	 4.9 	 22. 	 0.4 	 8.6 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.5 
50 3 	 00 	 89 	 0 	 2 	 39 	 8 	 5 	 0 	 0 	 9 	 06 62 	 9 
0. 	 0.6 	 15. 	 45. 	 0.8 	 8.4 	 20. 	 1.2 	 8.7 	 0.0 1.2 	 102 	 0. 	 0. 	 0.5 
34 	 1 	 29 	 08 	 6 	 9 	 26 	 7 	 6 	 0 	 0 	 .2 	 11 	 66 	 6 
0. 	 0.7 	 15. 	 44. 	 0.4 	 5.2 	 24. 	 0.0 	 6.8 	 0.0 0.3 	 98. 	 0. 	 0. 	 0.6 
51 	 8 	 15 	 83 	 5 	 3 	 55 	 0 	 6 	 0 	 2 	 7 	 07 66 	 7 
0. 	 1.1 	 15. 	 43. 	 0.3 	 6.9 	 22. 	 0.1 	 8.8 	 0.0 0.2 	 99. 	 0. 	 0. 	 0.5 
65 	 0 	 61 	 62 	 5 	 4 	 23 	 8 	 1 	 5 	 9 	 8 	 09 65 	 9 
0. 	 1.3 	 15. 	 42. 	 0.6 	 7.3 	 22. 	 0.2 	 8.5 	 0.1 	 0.3 	 100 	 0. 	 0. 	 0.6 
32 	 6 	 98 	 71 	 6 	 5 	 41 	 2 	 3 	 0 	 6 	 .0 	 10 64 	 0 
0. 	 0.6 	 13. 	 45. 	 0.6 	 6.7 	 24. 	 0.1 	 6.3 	 0.1 	 0.0 	 98. 	 0. 	 0. 	 0.6 
51 	 1 	 19 	 57 	 5 	 9 	 78 	 2 	 8 	 9 	 0 	 8 	 09 70 	 9 
0. 	 1.0 	 13. 	 46. 	 0.6 	 5.9 	 25. 	 0.3 	 6.0 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.7 
35 	 3 	 12 	 01 	 0 	 9 	 53 	 0 	 8 	 0 	 0 	 0 	 08 70 	 0 
0. 	 1.0 	 13. 	 46. 	 0.0 	 6.6 	 24. 	 0.0 	 6.5 	 0.0 	 1.2 	 100 	 0. 	 0. 	 0.6 
32 4 	 65 	 78 	 6 	 6 	 49 	 0 	 8 	 4 	 7 	 .9 09 70 	 8 
0. 	 0.7 	 13. 	 45. 	 0.3 	 6.5 	 24. 	 0.0 	 6.5 	 0.0 0.1 	 98. 	 0. 	 0. 	 0.6 
46 6 	 54 	 58 	 9 	 1 	 96 	 0 	 0 	 0 	 4 	 8 	 09 69 	 8 
0. 	 1.3 	 16. 	 45. 	 0.2 	 4.8 	 23. 	 0.0 	 8.3 	 0.0 0.2 	 100 	 0. 	 0. 	 0.6 
29 	 7 	 47 	 34 	 4 	 3 	 35 	 0 	 6 	 0 	 6 	 .5 	 06 65 	 1 
0. 	 1.3 	 16. 	 45. 	 0.2 	 4.8 
	 23. 	 0.0 	 8.3 	 0.0 0.2 	 100 	 0. 	 0. 	 0.6 
29 	 7 	 47 	 34 	 4 	 3 	 35 	 0 	 6 	 0 	 6 	 .5 	 06 65 	 1 
0. 	 1.3 	 13. 	 44. 	 0.7 	 5.5 	 24. 	 0.0 	 6.9 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.6 
41 	 4 	 80 	 46 	 5 	 6 	 57 	 0 	 7 	 0 	 0 	 9 	 08 68 	 6 
1 
2 
3 
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Table 6. Microprobe analyses of chromian spinels (formula on the basis of 24 oxygens).  
An Si Ti Ale Cr2 V2 Fe2 Fe Mn Mg Ca Zn Tot Fe3 + Cr Fe2 Fe2+/F 
al. 0 2 02 03 	 0 3 05 03 	 0 	 0 	 0 	 0 	 0 	 al 	 # 	 # 	 +# 	 e3+ 
27 0. 	 0.8 	 13. 	 47. 	 0.5 	 5.2 	 26. 	 0.6 	 5.5 	 0.2 0.0 	 100 	 0. 	 0. 	 0.7 
39 	 9 	 33 	 47 	 2 	 2 	 12 	 2 	 7 	 2 	 0 	 .4 	 07 70 	 2 
0. 	 1.1 	 13. 	 46. 	 0.2 	 4.4 	 26. 	 0.1 	 5.4 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.7 
36 	 1 	 53 	 44 	 9 	 6 	 51 	 3 	 8 	 6 	 0 	 4 	 06 70 	 3 
0. 	 0.8 	 13. 	 44. 	 0.8 	 5.6 	 25. 	 0.7 	 5.4 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.7 
42 0 	 94 	 59 	 7 	 9 	 75 	 7 	 9 	 0 	 0 	 3 	 08 68 	 2 
0. 	 0.9 	 13. 	 46. 	 0.7 	 5.9 	 26. 	 0.0 	 5.5 	 0.0 0.8 	 100 	 0. 	 0. 	 0.7 
28 	 5 	 53 	 25 	 3 	 1 	 17 	 0 	 4 	 0 	 4 	 .2 	 08 70 	 3 
0. 	 1.1 	 10. 	 45. 	 0.1 	 6.5 	 27. 	 0.1 	 4.1 	 0.1 	 0.0 	 96. 	 0. 	 0. 	 0.7 
56 	 3 	 47 	 89 	 1 	 7 	 81 	 3 	 3 	 2 	 0 	 9 	 09 75 	 9 
0. 	 1.3 	 10. 	 47. 	 0.8 	 7.2 	 28. 	 0.2 	 4.3 	 0.0 0.8 	 102 	 0. 	 0. 	 0.7 
43 	 2 	 63 	 65 	 9 	 8 	 44 	 0 	 0 	 4 	 7 	 .0 	 10 75 	 9 
0. 	 0.4 	 17. 	 43. 	 1.0 	 4.6 	 23. 	 0.2 	 7.5 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.6 
33 3 	 58 	 23 	 9 	 7 	 29 	 2 	 3 	 6 	 0 	 4 	 06 62 	 3 
0. 	 0.5 	 17. 	 43. 	 0.6 	 5.3 	 23. 	 0.0 	 7.4 	 0.1 	 1.2 	 101 	 0. 	 0. 	 0.6 
40 	 5 	 97 	 93 	 4 	 6 	 47 	 0 	 8 	 7 	 1 	 .2 	 07 62 	 4 
0. 	 1.0 	 17. 	 43. 	 0.6 	 3.1 	 23. 	 0.3 	 7.4 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.6 
20 	 1 	 76 	 49 	 9 	 4 	 40 	 5 	 9 	 0 	 0 	 5 	 04 62 	 4 
0. 	 0.8 	 16. 	 43. 	 0.5 	 7.3 	 20. 	 0.5 	 9.0 	 0.1 	 0.0 	 98. 	 0. 	 0. 	 0.5 
13 	 5 	 08 	 70 	 5 	 5 	 63 	 1 	 4 	 1 	 0 	 9 	 09 65 	 6 
0. 	 0.5 	 14. 	 47. 	 0.3 	 5.9 	 22. 	 0.3 	 8.5 	 0.0 0.0 	 100 	 0. 	 0. 	 0.5 
42 	 5 	 95 	 39 	 1 	 0 	 11 	 6 	 6 	 0 	 0 	 .6 	 07 68 	 9 
0. 	 0.8 	 14. 	 48. 	 0.4 	 5.4 	 21. 	 0.0 	 8.8 	 0.0 0.2 	 100 	 0. 	 0. 	 0.5 
16 	 6 	 74 	 01 	 2 	 9 	 56 	 0 	 8 	 8 	 2 	 .4 	 07 69 	 8 
0. 	 0.3 	 12. 	 60. 	 0.1 	 0.0 	 10. 	 0.2 	 12. 	 0.0 0.1 	 96. 	 0. 	 0. 	 0.3 
34 3 	 32 	 38 	 6 	 0 	 56 	 2 	 42 	 6 	 1 	 9 	 00 77 	 2 
0. 	 0.2 	 12. 	 61. 	 0.0 	 0.0 	 10. 	 0.6 	 12. 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.3 
37 	 1 	 17 	 38 	 9 	 0 	 03 	 9 	 69 	 3 	 0 	 7 	 00 77 	 1 
0. 	 0.5 	 16. 	 45. 	 0.5 	 4.0 	 23. 	 0.0 	 7.1 	 0.0 0.6 	 99. 	 0. 	 0. 	 0.6 
23 7 	 92 	 26 	 4 	 5 	 59 	 0 	 5 	 6 	 4 	 0 	 05 64 	 5 
0. 	 0.5 	 17. 	 44. 	 0.7 	 5.3 	 23. 	 0.6 	 7.7 	 0.0 0.6 	 101 	 0. 	 0. 	 0.6 
37 	 7 	 32 	 99 	 4 	 2 	 14 	 4 	 3 	 0 	 4 	 .5 	 07 64 	 3 
0. 	 0.5 	 17. 	 44. 	 0.7 	 5.3 	 23. 	 0.6 	 7.7 	 0.0 0.6 	 101 	 0. 	 0. 	 0.6 
37 	 7 	 32 	 99 	 4 	 2 	 14 	 4 	 3 	 0 	 4 	 .5 	 07 64 	 3 
0. 	 1.1 	 11. 	 45. 	 0.8 	 8.5 	 26. 	 0.3 	 5.3 	 0.0 0.5 	 100 	 0. 	 0. 	 0.7 
31 	 7 	 47 	 89 	 0 	 3 	 49 	 2 	 8 	 0 	 0 	 .9 	 11 73 	 3 
0. 	 0.7 	 17. 	 44. 	 0.7 	 5.4 	 24. 	 0.4 	 7.9 	 0.0 0.0 	 101 	 0. 	 0. 	 0.6 
65 	 1 	 19 	 22 	 2 	 8 	 12 	 1 	 0 	 3 	 0 	 .4 	 07 63 	 3 
0. 	 1.0 	 16. 	 43. 	 0.3 	 4.2 	 24. 	 0.0 	 7.5 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.6 
54 5 	 57 	 77 	 0 	 8 	 03 	 0 	 6 	 9 	 0 	 2 	 06 64 	 4 
0. 	 0.4 	 17. 	 45. 	 0.1 	 5.6 	 22. 	 0.0 	 8.8 	 0.0 0.0 	 101 	 0. 	 0. 	 0.5 
41 	 7 	 97 	 04 	 2 	 2 	 60 	 6 	 1 	 0 	 0 	 .1 	 07 63 	 9 
0. 	 0.7 	 18. 	 43. 	 0.4 	 4.6 	 22. 	 0.0 	 8.6 	 0.1 	 0.0 	 99. 	 0. 	 0. 	 0.6 
54 9 	 12 	 60 	 5 	 9 	 83 	 0 	 6 	 2 	 0 	 8 	 06 62 	 0 
0. 	 1.0 	 14. 	 46. 	 0.4 	 4.7 	 23. 	 0.3 	 7.6 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.6 
51 	 9 	 32 	 36 	 0 	 5 	 43 	 1 	 7 	 8 	 0 	 9 	 06 68 	 3 
0. 	 0.8 	 14. 	 47. 	 0.3 	 5.5 	 23. 	 0.6 	 7.5 	 0.0 0.0 	 101 	 0. 	 0. 	 0.6 
56 	 1 	 40 	 46 	 9 	 6 	 87 	 8 	 3 	 7 	 0 	 .3 	 07 69 	 4 
0. 	 0.6 	 17. 	 43. 	 0.4 	 5.8 	 24. 	 0.4 	 7.3 	 0.1 	 0.0 	 101 	 0. 	 0. 	 0.6 
42 	 7 	 87 	 63 	 8 	 7 	 62 	 2 	 4 	 3 	 0 	 .4 	 07 62 	 5 
0. 	 0.8 	 14. 	 46. 	 0.4 	 6.0 	 23. 	 0.0 	 8.1 	 0.0 0.1 	 101 	 0. 	 0. 	 0.6 
55 	 1 	 59 	 99 	 3 	 9 	 53 	 0 	 9 	 0 	 0 	 .3 	 08 68 	 2 
0. 	 0.9 	 15. 	 44. 	 0.4 	 5.9 	 20. 	 0.7 	 8.9 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.5 
28 6 	 69 	 62 	 4 	 2 	 71 	 4 	 3 	 3 	 0 	 3 	 08 66 	 7 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
6 
7 
5 
5 
5 
4 
6 
5 
8 
3 
4 
4 
6 
5 
5 
3 
5 
6 
4 
5 
5 
5 
5 
4 
4 
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Table 6. Microprobe analyses of chromian spinels (formula on the basis of 24 oxygens).  
An Si Ti Ale Cr2 V2 Fe2 Fe Mn Mg Ca Zn Tot Fe3+ Cr Fe2 Fe2_++/F 
al. 02 02 03 03 05 03 	 0 	 0 	 0 	 0 0 	 al 	 # 	
4 	
e3 
Niep Member 
0. 	 1.1 	 14. 	 43. 	 0.1 	 6.9 	 22. 	 0.6 	 7.8 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.6 
50 7 	 27 45 	 8 	 0 	 51 	 4 	 0 	 2 	 0 	 4 	 09 67 	 2 
0. 	 0.7 	 14. 	 44. 	 0.4 	 8.7 	 21. 	 0.0 	 8.4 	 0.1 0.7 	 100 	 0. 	 0. 	 0.5 
33 	 0 	 84 	 45 	 9 	 4 	 79 	 0 	 5 	 1 	 8 	 .7 	 11 67 	 9 
0. 	 1.2 	 14. 	 43. 	 0.6 	 7.1 	 22. 
	 0.5 	 8.0 	 0.0 0.7 	 99. 
	 0. 	 0. 	 0.6 
59 	 4 	 94 	 33 	 2 	 8 	 71 	 1 	 1 	 0 	 6 	 9 	 09 66 	 1 
0. 	 0.9 	 14. 	 43. 	 0.7 
	 7.6 	 22. 	 0.9 	 8.0 	 0.0 0.2 	 99. 	 0. 	 0. 	 0.6 
49 	 7 	 98 	 50 	 5 	 2 	 40 	 1 	 1 	 0 	 5 	 9 	 10 66 
	 1 
1. 	 1.1 	 13. 
	 44. 	 0.5 	 5.6 	 25. 	 0.2 	 6.7 	 0.1 	 0.0 	 98. 	 0. 	 0. 	 0.6 
16 	 0 	 18 	 57 	 5 	 5 	 43 	 2 	 5 	 8 	 0 	 8 	 08 69 
	 8 
0. 	 1.1 	 14. 	 45. 
	 0.4 	 7.8 	 23. 	 0.0 	 8.0 	 0.0 0.0 
	 101 	 0. 	 0. 	 0.6 
14 	 2 	 75 	 72 	 0 	 8 	 72 	 0 	 3 	 5 	 0 	 .8 	 10 68 	 2 
0. 	 1.0 	 14. 	 43. 	 0.7 	 6.9 	 21. 	 0.0 	 8.1 	 0.1 	 0.0 	 97. 	 0. 	 0. 	 0.6 
27 	 7 	 12 	 79 	 8 	 3 	 96 	 5 	 6 	 2 	 0 	 3 	 09 68 	 0 
0. 	 0.2 	 10. 	 64. 	 0.0 	 0.0 	 8.9 	 0.6 	 13. 	 0.2 0.3 	 100 	 0. 	 0. 	 0.2 
36 	 6 	 95 	 38 	 0 	 0 	 3 	 5 	 91 	 0 	 5 	 .0 	 00 80 	 6 
0. 	 1.1 	 14. 	 43. 	 0.5 	 7.5 	 23. 	 0.0 	 8.2 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.6 
31 	 4 	 94 	 85 	 9 	 9 	 13 	 0 	 0 	 0 	 0 	 8 	 10 66 	 1 
10 0. 	 0.7 	 13. 	 45. 	 0.3 	 6.0 	 24. 	 0.2 	 6.1 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.6 
40 9 	 72 	 08 	 9 	 4 	 85 	 7 	 6 	 6 	 9 	 8 	 08 69 9 
0. 	 0.6 	 14. 	 47. 	 0.1 	 5.8 	 20. 	 0.0 	 9.3 	 0.0 0.4 
	 99. 	 0. 	 0. 	 0.5 
48 	 1 	 37 	 56 	 9 	 8 	 62 	 0 	 2 	 0 	 0 	 4 	 08 69 	 5 
0. 	 0.7 	 13. 	 45. 	 0.5 	 5.5 	 25. 	 0.2 	 6.1 	 0.0 0.0 
	 98. 	 0. 	 0. 	 0.7 
45 	 6 	 80 	 71 	 2 	 0 	 37 	 0 	 1 	 3 	 0 	 5 	 07 69 	 0 
0. 	 0.6 	 13. 	 45. 	 0.5 	 5.7 	 25. 	 0.0 	 6.0 	 0.0 0.0 
	 97. 	 0. 	 0. 	 0.7 
37 2 
	 67 	 47 	 6 	 2 	 09 	 5 	 4 	 5 	 0 	 6 	 08 69 0 
0. 	 1.1 	 11. 	 43. 	 0.7 	 7.2 	 25. 	 0.2 	 4.4 	 0.1 	 1.1 	 96. 	 0. 	 0. 	 0.7 
29 	 6 	 52 	 91 	 1 	 9 	 89 	 4 	 9 	 2 	 1 	 7 	 10 72 	 6 
0. 	 1.0 	 11. 
	 44. 	 0.6 	 7.0 	 26. 	 0.5 	 4.3 	 0.0 0.2 	 96. 	 0. 	 0. 	 0.7 
40 	 5 	 59 	 18 	 6 	 3 	 75 	 2 	 6 	 7 	 7 	 9 	 10 72 	 7 
0. 	 1.2 	 11. 	 44. 	 0.4 	 6.6 	 27. 	 0.5 	 4.2 	 0.1 	 0.0 	 96. 	 0. 	 0. 	 0.7 
37 	 2 	 63 	 30 	 6 	 2 	 13 	 1 	 5 	 5 	 0 	 6 	 09 72 
	 8 
0. 	 1.0 	 14. 	 43. 	 0.7 	 5.7 	 21. 	 0.4 
	 8.3 	 0.0 0.0 	 95. 	 0. 	 0. 	 0.5 
34 7 	 47 	 37 	 7 	 9 	 10 	 2 	 5 	 0 	 0 	 7 	 08 67 	 9 
0. 	 0.9 	 14. 	 43. 	 0.5 	 6.6 	 21. 	 0.1 	 8.4 	 0.0 0.2 	 97. 	 0. 	 0. 	 0.5 
39 2 
	 86 	 52 	 9 	 5 	 39 	 5 	 8 	 0 	 8 	 2 	 09 66 	 9 
0. 	 0.0 	 10. 	 65. 	 0.0 	 0.0 	 8.7 	 0.0 	 13. 	 0.0 0.6 
	 98. 	 0. 	 0. 	 0.2 
31 	 8 	 52 	 09 	 0 	 0 	 8 	 0 	 32 	 0 	 6 	 8 	 00 81 	 7 
0. 	 1.0 	 14. 	 44. 	 0.7 	 6.1 	 21. 	 0.3 	 8.5 	 0.0 0.1 
	 97. 	 0. 	 0. 	 0.5 
38 	 7 	 65 	 18 	 2 	 0 	 45 	 6 	 0 	 2 	 6 	 6 	 08 67 	 9 
0. 	 0.8 	 16. 	 43. 	 0.5 	 4.4 	 23. 	 0.2 	 7.4 	 0.0 0.0 	 97. 	 0. 	 0. 	 0.6 
41 	 2 	 95 	 04 	 2 	 5 	 45 	 1 	 8 	 0 	 0 	 3 	 06 63 	 4 
0. 	 0.8 	 16. 	 42. 	 0.4 	 5.3 	 23. 	 0.2 	 7.4 	 0.0 0.0 
	 97. 	 0. 	 0. 	 0.6 
32 	 2 	 72 	 77 	 5 	 0 	 22 	 5 	 5 	 7 	 0 	 4 	 07 63 	 4 
0. 	 1.0 	 14. 	 45. 	 0.4 
	 5.3 	 25. 	 0.2 	 5.8 	 0.0 0.4 	 98. 	 0. 	 0. 	 0.7 
22 	 7 	 50 	 23 	 1 	 2 	 64 	 1 	 4 	 0 	 2 	 9 	 07 68 
	 1 
0. 	 0.6 	 14. 	 47. 	 0.3 	 5.8 	 20. 	 0.1 	 9.6 	 0.0 0.3 	 99. 	 0. 	 0. 	 0.5 
62 	 5 	 57 	 33 	 8 	 2 	 38 	 6 	 5 	 6 	 1 	 9 	 07 69 	 4 
0. 	 1.0 	 16. 	 43. 	 0.3 	 7.8 	 21. 	 0.1 	 8.6 	 0.0 0.9 	 100 	 0. 	 0. 	 0.5 
24 	 0 	 04 	 80 	 0 	 7 	 54 	 8 	 5 	 6 	 6 	 .6 	 10 65 	 8 
0. 	 0.6 	 13. 	 47. 	 0.1 	 5.8 	 20. 	 0.0 	 9.4 	 0.0 0.0 	 98. 	 0. 	 0. 	 0.5 
39 	 4 	 94 	 43 	 9 	 3 	 21 	 0 	 0 	 6 	 0 	 1 	 08 70 	 5 
1 
2 
3 
4 
5 
6 
7 
8 
9 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
4 
3 
4 
3 
5 
3 
4 
3 
5 
4 
5 
5 
4 
4 
5 
4 
4 
4 
6 
5 
5 
4 
3 
4 
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Table 6. Microprobe analyses of chromian spinels (formula on the basis of 24 oxygens). 
An Si 
al. 02 
Ti 	 Ale 
02 03 
Cr2 V2 
	 Fe2 
03 05 03 
Fe Mn Mg Ca Zn Tot 
0 0 0 0 0 al 
Fe 
3+ Cr Fe2 Fe2+11F 
e3+ 
0. 	 0.5 	 13. 	 47. 	 0.1 	 5.6 	 20. 	 0.2 	 9.2 	 0.0 0.0 
	 97. 	 0. 	 0. 	 0.5 27 55 	 2 	 99 	 11 	 5 	 0 	 14 	 6 	 8 	 2 	 0 	 6 	 07 69 	 5 
0. 	 0.5 	 18. 	 43. 	 0.3 	 4.2 	 23. 
	 0.4 	 7.6 	 0.0 0.0 
	 99. 	 0. 	 0. 	 0.6 28 39 	 5 	 73 	 72 	 7 	 0 	 71 	 4 	 7 	 2 	 0 	 8 	 05 61 	 3 
2. 	 0.4 	 13. 	 45. 	 0.1 	 4.2 	 20. 	 0.1 	 10. 
	 0.0 0.4 
	 97. 	 0. 	 0. 	 0.5 29 26 	 6 	 45 	 70 	 4 	 8 	 64 	 5 	 14 	 6 	 1 	 7 	 06 70 
	 3 
0. 	 0.9 	 12. 	 45. 	 0.5 	 6.7 	 25. 	 0.3 	 6.0 	 0.1 	 0.1 
	 99. 	 0. 	 0. 	 0.7 30 70 	 8 	 20 	 98 	 8 	 0 	 69 	 1 	 1 	 5 	 7 	 5 	 09 72 
	 1 
31 	 0. 	 0.8 	 14. 	 43. 	 0.5 	 6.8 	 25. 	 0.5 	 5.7 	 0.0 0.3 	 98. 	 0. 	 0. 	 0.7 22 	 5 	 46 	 97 	 6 	 3 	 20 	 3 	 8 	 0 	 7 	 8 	 09 67 
	 1 
0. 	 1.1 	 12. 	 45. 	 0.5 	 6.5 	 25. 	 0.5 
	 5.9 	 0.1 	 0.2 	 98. 	 0. 	 0. 	 0.7 32 70 	 8 	 26 	 30 	 5 	 2 	 53 	 8 	 0 	 5 	 5 	 9 	 09 71 	 1 
0. 	 0.8 	 17. 	 42. 	 0.2 	 5.2 	 21. 	 0.3 	 8.8 	 0.0 0.0 
	 98. 	 0. 	 0. 	 0.5 33 50 	 7 	 48 	 88 	 4 	 9 	 54 	 8 	 8 	 7 	 0 	 1 	 07 62 
	 8 
0. 	 0.6 	 14. 	 44. 	 0.4 	 6.0 	 20. 	 0.2 	 8.4 	 0.1 0.0 
	 96. 	 0. 	 0. 	 0.5 34 25 	 4 	 88 	 76 	 7 	 2 	 75 	 0 	 7 	 5 	 9 	 7 	 08 67 
	 8 
0. 	 0.7 	 14. 
	 45. 	 0.3 	 6.7 	 20. 	 0.2 	 8.4 
	 0.1 0.0 
	 97. 	 0. 	 0. 	 0.5 35 19 	 6 	 26 	 04 	 7 	 2 	 83 	 6 	 7 	 3 	 0 	 0 	 09 68 
	 8 
0. 	 0.6 	 14. 
	 45. 	 0.4 	 6.3 	 20. 	 0.6 	 8.2 	 0.0 0.4 	 96. 	 0. 	 0. 	 0.5 36 21 	 1 	 08 	 14 	 0 	 6 	 03 	 2 	 7 	 7 	 8 	 3 	 08 68 
	 8 
0. 	 0.9 	 16. 	 43. 	 0.4 	 4.4 	 23. 	 0.5 	 6.8 	 0.0 0.3 
	 97. 	 0. 	 0. 	 0.6 37 45 	 1 	 29 	 43 	 8 	 0 	 74 	 5 	 7 	 7 	 3 	 5 	 06 64 
	 6 
0. 	 0.7 	 16. 	 43. 
	 0.3 	 4.4 	 23. 	 0.0 	 7.0 	 0.0 0.5 	 96. 	 0. 	 0. 	 0.6 38 40 	 7 	 19 	 36 	 9 	 9 	 51 	 0 	 0 	 1 	 2 	 6 	 06 64 	 5 
0. 	 0.8 	 17. 	 42. 	 0.1 	 6.6 
	 20. 	 0.6 	 9.0 	 0.0 0.0 
	 97. 
	 0. 	 0. 	 0.5 39 32 	 5 	 13 	 41 	 0 	 3 	 61 	 8 	 3 	 4 	 0 	 8 	 08 62 
	 6 
0. 	 0.7 	 16. 	 43. 	 0.5 	 4.5 	 23. 	 0.2 	 7.1 	 0.0 0.0 
	 96. 	 0. 	 0. 	 0.6 40 42 	 9 	 19 	 01 	 4 	 0 	 46 	 4 	 5 	 0 	 0 	 3 	 06 64 
	 5 
0. 	 1.1 	 14. 	 43. 	 0.5 	 6.0 	 24. 	 0.4 	 6.4 	 0.1 	 0.5 	 97. 
	 0. 	 0. 	 0.6 41 23 	 2 	 91 	 29 	 2 	 4 	 06 	 0 	 0 	 0 	 7 	 6 	 08 66 
	 8 
0. 	 0.7 	 12. 	 42. 	 0.6 	 7.7 	 24. 
	 0.5 	 5.2 	 0.0 0.2 
	 95. 	 0. 	 0. 	 0.7 42 32 	 4 	 43 	 79 	 9 	 5 	 80 	 2 	 7 	 0 	 0 	 5 	 11 70 
	 3 
0. 	 1.1 	 14. 
	 43. 
	 0.3 	 5.6 	 23. 	 0.1 	 6.4 	 0.0 0.2 	 95. 	 0. 	 0. 	 0.6 43 19 	 8 	 45 	 09 	 6 	 6 	 98 	 8 	 0 	 4 	 6 	 8 	 08 67 
	 8 
0. 	 1.1 	 16. 	 44. 	 0.2 	 5.5 
	 21. 
	 0.3 	 9.0 	 0.1 	 0.0 	 100 	 0. 	 0. 	 0.5 44 47 	 0 	 71 	 71 	 9 	 2 	 97 	 8 	 0 	 3 	 8 	 .4 	 07 64 
	 8 
0. 	 1.1 	 14. 
	 44. 
	 0.3 	 5.8 	 24. 	 0.3 	 6.4 	 0.0 0.0 
	 97. 
	 0. 	 0. 	 0.6 45 22 	 0 	 51 	 09 	 2 	 8 	 35 	 8 	 7 	 5 	 5 	 4 	 08 67 
	 8  
Haribes-Rosenhof Members  
82 	 2 	 2 	 70 	 8 	 0 	 41 	 3 	 7 	 4 	 8 	 0 	 00 85 
	 8 
0. 	 0.1 
	 6.1 	 60. 	 0.2 	 1.2 	 19. 	 0.3 	 8.4 	 0.1 	 0.0 
	 96. 
	 0. 	 0. 	 0.5 2 	 17 43 	 5 	 3 	 39 	 1 	 2 	 15 	 7 	 4 	 9 	 0 	 7 	 02 87 
	 6 
0. 	 0.0 	 6.4 	 61. 	 0.4 	 1.2 	 18. 	 0.6 	 8.6 	 0.0 0.6 
	 98. 
	 0. 	 0. 	 0.5 3 	 16 19 	 0 	 7 	 80 	 8 	 7 	 28 	 1 	 8 	 7 	 4 	 5 	 02 87 
	 4 
0. 	 0.2 	 36. 	 19. 	 0.9 	 6.2 	 26. 	 0.4 	 5.9 	 0.1 	 1.7 	 98. 	 0. 	 0. 	 0.7 4 	 5 00 	 8 	 84 	 48 	 1 	 2 	 24 	 5 	 1 	 1 	 4 	 2 	 07 26 
	 1 
0. 	 0.0 	 11. 	 54. 	 0.1 
	 5.5 	 21. 	 0.4 	 8 .4 	 0.0 0.1 
	 101 
	 0. 	 0. 	 0.5 5 	 	 4 10 	 9 	 65 	 16 	 0 	 7 	 14 	 6 	 3 	 0 	 5 	 .8 	 07 76 
	 8 
0. 	 1.6 	 35. 	 17. 	 0.6 	 3.6 	 27. 
	 0.1 	 5.6 	 0.8 2.2 
	 97. 	 0. 	 0. 	 0.7 6 	 8 99 	 9 	 70 	 75 	 7 	 7 	 61 	 6 	 8 	 4 	 1 	 0 	 05 25 
	 3 
0. 	 0.2 	 11. 	 54. 	 0.0 	 5.2 	 20. 	 0.0 	 8.8 
	 0.0 0.1 
	 101 	 0. 	 0. 	 0.5 7 	 4 00 	 3 	 48 	 61 	 3 	 6 	 67 	 6 	 7 	 0 	 8 	 .4 	 07 76 	 7 
8 	 0. 	 0.0 	 6.5 	 63. 	 0.2 	 0.2 
	 19. 
	 0.2 	 8.6 	 0.0 0.3 
	 99. 	 0. 	 0. 	 0.5 	 77 
4 
6 
5 
4 
4 
4 
5 
4 
3 
3 
6 
6 
3 
6 
4 
4 
5 
4 
5 
1 	 0. 	 0.0 	 7.1 	 60. 	 0.1 	 0.0 	 19. 	 0.1 	 7.7 	 0.2 0.5 	 97. 	 0. 	 0. 	 0.5 
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Table 6. Microprobe analyses of chromian spinels (formula on the basis of 24 oxygens). 
An Si Ti 
al. 02 02 
Ale Cr2 V2 	 Fe2 
03 03 05 03 
Fe 	 Mn Mg Ca Zn Tot Fe ,-. 3+ t.-1- 
0 0 0 0 0 at 
Fe2 
+# 
Fe2+/F 
e3+ 
	
29 4 	 9 	 08 	 9 	 8 	 45 	 8 	 1 	 6 	 8 	 3 	 00 87 	 6 
	
0. 	 0.5 	 37. 	 18. 	 0.6 	 6.1 	 25. 	 0.3 	 6.3 
	 0.4 	 1.6 	 98. 	 0. 	 0. 	 0.6 
	
00 2 
	 65 	 79 	 8 	 7 	 73 	 1 	 6 	 5 	 9 	 3 	 07 25 	 9 
	
10 0. 	 0.4 	 35. 	 19. 	 0.9 	 5.4 	 25. 	 0.2 	 5.9 	 0.1 	 1.9 	 96. 	 0. 	 0. 	 0.7 
	
10 	 4 	 80 	 50 	 3 	 4 	 62 	 7 	 3 	 6 	 3 	 1 	 07 27 	 1 
	
0. 	 0.2 	 32. 	 21. 	 0.3 	 8.9 	 24. 	 0.5 	 6.9 	 0.0 	 1.2 	 96. 	 0. 	 0. 	 0.6 
	
30 	 2 	 51 	 35 	 9 	 1 	 31 	 3 	 2 	 2 	 5 	 7 	 11 	 31 	 6 
	
1. 	 0.3 	 32. 	 20. 	 0.1 	 8.7 	 24. 	 0.4 	 7.5 	 0.3 	 1.3 	 97. 	 0. 	 0. 	 0.6 
	
06 	 8 	 22 	 60 	 1 	 9 	 22 	 7 	 2 	 0 	 4 	 0 	 11 30 	 4 
	
0. 	 0.1 	 6.6 	 61. 	 0.5 	 0.3 	 19. 	 0.6 	 8.3 	 0.0 0.1 	 97. 	 0. 	 0. 	 0.5 
	
21 	 2 	 2 	 50 	 0 	 5 	 14 	 5 	 2 	 7 	 5 	 6 	 00 86 	 6 
	
0. 	 0.3 	 31. 	 22. 	 0.4 	 9.9 	 24. 	 0.4 	 7.1 	 0.1 	 1.2 	 97. 	 0. 	 0. 	 0.6 
	
34 	 7 	 25 	 25 	 7 	 8 	 27 	 5 	 7 	 3 	 0 	 9 	 12 32 	 5 
	
0. 	 0.1 	 11. 	 53. 	 0.0 	 5.8 	 20. 	 0.1 	 8.8 	 0.0 	 0.3 	 101 	 0. 	 0. 	 0.5 
	
05 	 1 	 75 	 67 	 8 	 4 	 25 	 7 	 7 	 6 	 6 	 .2 	 07 75 	 6 
	
0. 	 0.3 	 11. 	 52. 	 0.2 	 4.9 	 21. 	 0.4 	 8.0 	 0.0 0.0 	 99. 	 0. 	 0. 	 0.6 
	
14 	 1 	 48 	 70 	 5 	 0 	 34 	 3 	 6 	 6 	 0 	 7 	 06 75 	 0 
Table 7. Microprobe analyses of pyroxenes (formula on the basis of 6 oxygens). 
11 
12 
13 
14 
15 
16 
9 5 
5 
3 
3 
61 
3 
4 
5 
Analy sio2 	 Ale 
	 -- 2 	 Fee er Ti_ 	 - 	  2 FeO Mn Mg Ca Nat K2 Tot W En Fs 
sis 	 02 03 	 03 	 03 	 0 	 0 	 0 	 0 	 0 	 at 	 o  
53.7 0.2 	 0.0 	 14.2 	 0.0 	 26.5 	 1.4 	 0.0 	 0.0 	 97. 	 3. 	 74. 	 22. 1 	 0.96 0.00 9 	 8 	 0 	 5 	 0 	 4 	 9 	 0 	 2 	 3 	 0 	 5 	 5 
54.7 0.3 
	 0.0 	 14.5 	 0.5 	 26.8 	 1.4 	 0.0 	 0.0 	 98. 	 2. 	 73. 	 23. 2 	 0.45 0.00 5 	 2 	 0 	 7 	 4 	 4 	 2 	 0 	 0 	 9 	 8 	 8 	 4 
53.7 0.4 	 0.0 	 13.9 	 0.3 	 26.9 	 1.3 	 0.0 	 0.0 	 97. 	 2. 	 75. 	 22. 3 	 0.39 0.00 8 	 6 	 0 	 7 	 3 	 8 	 2 	 0 	 0 	 2 	 6 	 0 	 3 
54.3 	 0.2 	 0.0 	 12.4 	 0.2 	 28.9 0.6 	 0.0 	 0.0 	 97. 	 1. 	 78. 	 20. 4 	 0.23 0.51 2 	 8 	 9 	 3 	 7 	 7 	 7 	 0 	 0 	 8 	 3 	 7 	 0 
54.3 
	 0.1 	 0.3 	 12.7 	 0.3 	 28.4 0.8 	 0.0 	 0.0 	 97. 	 1. 	 77. 	 20. 5 	 0.23 0.22 3 	 6 	 7 	 7 	 4 	 9 	 5 	 0 	 4 	 8 	 7 	 9 	 4 
53.8 0.2 
	 0.2 	 12.4 	 0.3 	 28.3 0.8 	 0.0 	 0.0 	 97. 	 1. 	 78. 	 20. 6 	 0.42 0.16 4 	 4 	 8 	 3 	 9 	 6 	 5 	 0 	 4 	 0 	 7 	 2 	 1 
7 	 0.39 0.00 9.07 55.1 	 0.0 	 0.7 	 0.1 	 30.6 0.5 	 0.0 	 0.0 	 96. 	 1. 	 84. 	 14. 4 	 8 	 7 	 8 	 7 	 5 	 0 	 4 	 9 	 1 	 6 	 4 
54.5 	 0.1 	 0.9 	 10.7 	 0.0 	 29.5 	 0.6 	 0.0 	 0.0 	 97. 	 1. 	 81. 	 16. 8 	 0.54 0.00 4 	 7 	 3 	 0 	 7 	 0 	 7 	 0 	 0 	 1 	 3 	 9 	 8 
54.0 0.2 
	 0.8 	 10.3 	 0.0 	 29.0 	 1.3 	 0.0 	 0.0 	 96. 	 2. 	 81. 	 16. 9 	 0.80 0.00 5 	 5 	 7 	 0 	 9 	 4 	 8 	 0 	 5 	 8 	 8 	 0 	 3 
53.8 	 0.6 
	 0.3 	 13.1 	 0.3 	 27.4 	 1.4 	 0.0 	 0.0 	 97. 	 3. 	 76. 	 21. 10 	 0.33 0.00 8 	 7 	 3 	 3 	 1 	 1 	 8 	 0 	 5 	 6 	 0 	 1 	 0 
54.7 	 0.1 	 0.0 	 13.6 	 0.1 	 27.9 	 0.5 	 0.0 	 0.0 	 97. 	 1. 	 77. 	 21. 11 	 0.31 	 0.00 8 	 7 	 3 	 7 	 1 	 8 	 4 	 0 	 0 	 6 	 1 	 5 	 5 
54.7 0.2 	 0.3 	 13.2 	 0.1 	 28.3 	 0.6 	 0.0 	 0.0 	 98. 	 1. 	 78. 	 20. 12 	 0.42 0.00 2 	 5 	 6 	 6 	 0 	 6 	 7 	 0 	 0 	 1 	 3 	 0 	 7 
53.5 0.2 	 0.4 	 12.5 	 0.4 	 27.6 	 1.2 	 0.0 	 0.0 	 96. 	 2. 	 77. 	 20. 13 	 0.39 0.00 9 	 9 	 9 	 5 	 5 	 3 	 4 	 0 	 1 	 6 	 5 	 1 	 4 
Wo: wollastonite, En: enstatite, Fs: ferrosilite. 
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Table 8. U-Pb detrital zircon analyses of the Schwarzrand and Fish River Subgroups. 
Label 	 206pb/238 u 	 Er. 
±1 a 
207p 1)/235 u Er. 201pb/206pb Er. 
±1 a 	 ±la 
232 ,-.-•1 •n  438 i 	 U Disc. 
% 
Age (Ma) Er. 
±la 206f 
Urusis Formation (Zaris sub-basin, north of Osis ridge) 
Zr-019-J-X-14 559 	 7 564 9 581 5 0.60 4 561 6.2 0.0032 
Zr-019-K-X1-02 588 	 4 602 8 655 8 0.60 10 655 50 0.0030 
Zr-019-L-X11-02 996 	 9 1004 16 1020 13 0.30 2 999 8.2 0.0083 
Zr-019-M-X1II-13 777 	 11 772 18 758 14 0.81 -2 775 10 0.0046 
Zr-019-O-XV-10 1001 	 7 1022 15 1067 13 0.31 6 1001 6.7 0.0005 
Zr-019-P-XVI-04 669 	 4 668 8 662 7 0.48 -1 669 4 0.0041 
Zr-019-Q-XVII-06 1007 	 7 1015 12 1034 10 0.16 3 1009 6.4 0.0015 
Zr-019-R-XVIII-04 569 	 10 589 12 666 7 1.31 15 666 46 0.0034 
Zr-019-L-XVII-06 1248 
	 11 1247 15 1244 10 1.05 0 1247 8.6 0.0043 
Zr-019-P-XV1-06 1051 	 8 1050 16 1049 14 0.53 0 1051 6.9 0.0018 
Zr-019-P-XVI-09 1049 	 7 1032 23 997 21 0.29 -5 1047 6.4 0.0019 
Zr-019-P-XVI-10 1085 	 11 1068 19 1033 15 0.55 -5 1079 9.4 0.0030 
Zr-019-P-XVI-11 1030 	 11 1025 18 1015 15 0.79 -1 1028 9.4 0.0039 
Zr-019-Q-XVII-04 1003 	 13 1002 20 1000 15 0.24 0 1002 11 0.0017 
Zr-019-R-XVIII-09 585 	 6 585 14 583 12 0.83 0 585 5.7 0.0012 
Zr-019-R-XV111-10 1080 	 13 1060 18 1019 13 0.34 -6 1074 11 0.0007 
Zr-019-R-XVIII-11 1040 	 14 1036 20 1030 15 0.43 -1 1038 12 0.0040 
Zr-019-S-XIX-13 627 	 5 626 11 623 9 0.37 -1 623.6 4.9 0.0043 
Zr-019-T-XX-03 969 	 6 1002 13 1075 13 0.52 10 1075 49 0.0278 
Zr-019-J-X-01 718 	 7 752 15 854 16 0.49 16 854 75 0.0040 
Zr-019-J-X-13 1277 	 8 1263 18 1240 15 0.48 -3 1274 7 0.0005 
Zr-019-K-XI-11 1056 	 10 1057 15 1060 12 0.52 0 1057 8.3 0.0005 
Zr-019-L-X1I-12 1025 	 10 1029 19 1036 16 0.30 1 1026 8.7 0.0035 
Zr-019-M-XIII-01 1053 	 9 1040 19 1013 16 0.45 -4 1051 8.2 0.0003 
Zr-019-M-XI11-02 1268 	 9 1265 22 1261 20 0.56 -1 1267 8.2 0.0005 
Zr-019-M-X111-04 1091 	 9 1082 20 1065 18 0.48 -2 1089 8.2 0.0017 
Zr-019-O-XV-05 658 	 7 652 12 633 10 0.19 -4 657 6.5 0.0004 
Zr-019-O-XV-09 810 	 9 809 16 806 13 0.63 -1 810 8.1 0.0010 
Zr-019-P-XVI-02 860 	 6 890 18 965 18 0.68 11 965 80 0.0016 
Nasep Member-Urusis Formation (Witputs sub-basin, south of Osis ridge) 
Zr-018-K-X1-03 	 715 
	 6 	 705 	 10 	 672 
	 8 	 0.42 	 -6 	 712 5.9 0.0011 
Zr-018-L-X1I-01 905 	 5 924 12 971 11 0.60 7 971 46 0.0025 
Zr-018-L-X11-02 610 	 6 612 10 620 8 0.68 2 610 5.7 0.0017 
Zr-018-L-XII-03 971 	 7 1003 11 1074 8 0.43 10 1074 31 0.0052 
Zr-018-L-XI1-04 958 	 9 1006 12 1114 8 -0.20 14 1114 30 0.0009 
Zr-018-M-XIII-02 1083 	 11 1073 13 1054 7 0.49 -3 1072 7.9 0.0009 
Zr-018-M-X111-04 1001 	 7 1029 11 1089 9 0.27 8 1089 33 0.0002 
Zr-018-M-X111-05 953 	 9 979 15 1036 13 0.80 8 1 036 50 0.0027 
Zr-018-M-XII1-08 561 	 6 571 10 610 8 0.82 8 563 5.9 0.0029 
Zr-018-M-X111-09 1060 	 10 1053 16 1038 12 0.66 -2 1057 8.5 0.0018 
Zr-018-N-XIV-03 1888 	 17 1879 18 1868 7 0.48 -1 1872 6.6 0.0009 
Zr-018-N-XIV-04 1042 	 6 1019 8 972 6 0.40 -7 972 24 0.0010 
Zr-018-N-XIV-05 2049 	 8 1998 23 1946 21 0.66 -5 1946 38 0.0004 
Zr-018-N-XIV-07 982 
	 7 989 17 1006 15 0.41 2 983 6.2 0.0034 
Zr-018-N-XIV-14 1083 	 7 1069 9 1041 5 0.27 -4 1041 21 0.0009 
Zr-018-O-XV-04 618 	 6 621 11 634 10 0.46 3 618 5.6 0.0047 
Zr-018-O-XV-08 628 	 7 625 9 614 6 0.28 -2 627 6.2 0.0021 
Zr-018-O-XV-09 656 	 7 653 8 645 4 0.36 -2 654 5.9 0.0011 
Zr-018-0-XV-10 561 	 5 558 7 547 4 0.58 -2 559.3 4.8 0.0009 
Zr-018-O-XV-11 616 	 8 620 9 636 5 0.56 3 620 6.5 0.0027 
Zr-018-O-XV-13 1005 	 7 1024 9 1066 6 0.44 6 1066 26 0.0004 
Niep Member-Nomtsas Formation (North of Osis ridge) 
Zr-020-L-XI1-01 991 
	 15 	 1023 	 20 	 1090 
	 13 	 1.72 	 9 1090 49 0.0020 
Zr-020-L-X11-02 629 	 9 628 13 625 9 0.55 -1 629 8.3 0.0004 
Zr-020-L-X11-05 929 	 10 942 17 974 14 0.28 5 933 9.3 0.0003 
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Table 8. U-Pb detrital zircon analyses of the Schwarzrand and Fish River Subgroups. 
Label 	 206p b/238u Er. 2o7pb/235 u Er. 207p b/206p b Er. 232.m/238- u 
±lo 	 ±lo 	 thy 
Disc. 
% 
Age (Ma) Er. 
±1a 206j. 
Zr-020-L-X11-06 740 9 756 15 805 13 1.23 8 743 8.2 0.0000 
Zr-020-L-XI1-07 1010 6 1014 28 1022 28 0.17 1 1010 5.5 0.0009 
Zr-020-L-XI1-09 623 6 631 14 662 13 0.39 6 623 5.8 0.0028 
Zr-020-M-X111-01 1007 6 1013 30 1028 30 0.67 2 1005 5.5 0.0026 
Zr-020-M-X1I1-03 1013 13 1026 20 1054 15 0.18 4 1018 11 0.0004 
Zr-020-M-X11I-06 986 14 1000 17 1029 9 0.18 4 1000 11 0.0002 
Zr-020-M-XI11-08 540 16 539 19 534 11 0.23 -1 540 14 0.0004 
Zr-020-M-X1I1-09 950 13 981 17 1051 11 0.31 10 1051 42 0.0037 
Zr-020-M-X11I-10 1940 28 1970 35 2000 20 0.87 3 2000 36 0.0034 
Zr-020-M-X111-11 542 11 546 23 562 21 0.40 4 542 11 0.0025 
Zr-020-M-XI11-12 1068 15 1060 21 1042 14 0.29 -2 1062 12 0.0015 
Zr-020-M-XIII-13 1130 13 1144 18 1172 12 0.47 4 1141 11 0.0000 
Zr-020-M-XII1-14 1236 17 1183 22 1085 13 1.37 -14 1085 48 0.0013 
Zr-020-M-XI11-15 1015 13 1034 15 1075 7 0.29 6 1075 28 0.0007 
Zr-020-N-XIV-01 1064 15 1077 23 1104 18 1.12 4 1070 13 0.0005 
Zr-020-N-XIV-02 650 12 660 19 696 15 0.44 7 652 11 0.0009 
Zr-020-N-XIV-04 1003 20 1013 22 1036 9 0.24 3 1007 13 0.0033 
Zr-020-N-X1V-06 1007 8 1002 16 991 13 0.43 -2 1007 13 0.0010 
Zr-020-N-XIV-08 606 10 612 18 634 16 1.30 4 607 9.2 0.0017 
Zr-020-N-XIV-09 2295 19 2395 26 2480 17 0.38 7 2480 24 0.0004 
Zr-020-N-XIV-10 1901 13 1982 15 2068 5 1.88 8 2067.6 8.3 0.0001 
Zr-020-N-X1V-11 620 9 625 13 646 9 0.57 4 622 8.2 0.0005 
Zr-020-N-XIV-12 997 8 1006 19 1025 17 0.76 3 999 7.7 0.0019 
Zr-020-N-XIV-13 568 10 572 18 587 15 0.79 3 568 9.8 0.0025 
Zr-020-N-XIV-14 960 17 1015 21 1135 11 0.44 15 1135 39 0.0054 
Zr-020-0-XV-01 1102 17 1107 25 1117 18 0.58 1 1105 14 0.0004 
Zr-020-O-XV-02 956 11 979 15 1032 10 0.35 7 1032 43 0.0021 
Zr-020-O-XV-03 , 567 10 584 21 649 20 0.34 13 568 9.4 0.0011 
Zr-020-O-XV-04 957 9 993 15 1074 12 0.47 11 1074 76 0.0003 
Zr-020-O-XV-05 1030 14 1106 20 1257 14 0.33 18 1257 44 0.0008 
Zr-020-O-XV-06 659 10 660 13 660 8 0.37 0 659 8.9 0.0004 
Zr-020-O-XV-06 b 691 7 687 11 672 7 0.20 -3 689 6.7 0.0004 
Zr-020-O-XV-07 986 10 1012 15 1070 11 0.45 8 1070 44 0.0003 
Zr-020-O-XV-08 908 7 923 16 961 15 1.90 6 910 6.6 0.0029 
Zr-020-O-XV-11 886 9 925 18 1020 16 0.70 13 1020 66 0.0003 
Zr-020-O-XV-12 1073 7 1061 18 1037 17 0.48 -3 1072 6 0.0006 
Zr-020-P-XVI-02 1537 17 1539 24 1542 17 0.65 0 1539 12 0.0012 
Zr-020-P-XVI-05 935 13 949 22 983 19 0.94 5 939 12 0.0007 
Zr-020-P-XVI-06 2463 21 2496 28 2524 18 0.71 2 2524 23 0.0012 
Zr-020-P-XVI-07 952 10 969 20 1009 18 0.36 6 955 9.4 0.0009 
Zr-020-P-XVI-08 1571 13 1673 22 1802 19 0.88 13 1802 39 0.0014 
Zr-020-P-XVI-11 962 9 981 17 1023 15 0.54 6 966 8 0.0004 
Zr-020-P-XVI-12 875 11 885 24 908 22 0.50 4 877 9.9 0.0004 
Zr-020-P-XVI-13 830 8 862 26 945 26 0.32 12 832 7.7 0.0018 
Zr-020-P-XVI-15 919 10 941 23 994 22 0.56 8 922 9.5 0.0013 
Zr-020-Q-XVII-01 1071 8 1085 18 1113 17 0.54 4 1073 7.4 0.0001 
Zr-020-Q-XVII-02 1084 7 1084 20 1084 19 1.34 0 1084 6.3 0.0028 
Zr-020-Q-XVII -03 1124 10 1139 19 1168 16 0.40 4 1128 9.1 0.0002 
Zr-020-Q-XVII-04 1723 24 1794 30 1877 16 1.19 8 1877 31 0.0004 
Zr-020-Q-XVII-05 864 8 880 18 919 17 0.22 6 866 7 0.0004 
Zr-020-Q-XVII-06 1754 20 1842 28 1942 19 0.86 10 1942 35 0.0006 
Zr-020-Q-XVII-08 1139 9 1140 19 1143 17 0.27 0 1139 7.6 0.0002 
Zr-020-Q-XVII-09 962 16 975 25 1002 20 0.72 4 967 14 0.0007 
Zr-020-Q-XVII-10 615 8 616 14 619 12 1.46 1 615 7.5 0.0005 
Zr-020-Q-XVII-12 1020 17 1021 21 1024 12 0.27 0 1021 13 0.0002 
Zr-020-Q-XVII-13 693 9 693 16 693 13 0.39 0 693 8.2 0.0002 
Zr-020-Q-XVII-14 653 9 652 15 650 12 0.38 0 653 8. 7 0.0009 
Zr-020-Q-XVII-16 948 12 980 16 1052 12 0.22 10 1052 42 0.0005 
Zr-020-Q-XVII-17 698 10 710 16 748 13 0.54 7 701 9.4 0.0007 
Zr-020-R-XVIII-02 579 9 577 13 572 9 0.47 -1 578 8.3 0.0000 
Zr-020-R-XVIII-03 897 8 918 13 970 11 0.42 8 970 49 0.0003 
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Schwarzrand and Fish River Subgroups. 
Label 	 206p b/238u Er. 207p 1) /235 u Er. 201p 1)/206 p b Er.  
± 1 CI 	 ±lo 	 ±I 
232 	 23S Th/ 	 U Disc. 	 Age (Ma) Er. 
±10 206f 
Zr-020-R-XVIII-04 859 9 876 22 918 21 0.29 6 861 8.4 0.0005 
Zr-020-R-XVIII-05 1716 7 1804 17 1907 16 0.89 10 1907 31 0.0074 
Zr-020-R-XV111-06 1493 13 1538 23 1601 20 0.43 7 1601 47 0.0004 
Zr-020-R-XVIII-11 930 9 965 18 1046 16 0.32 11 1046 66 0.0132 
Zr-020-R-XV111-12 1033 14 1058 28 1111 25 0.51 7 1038 12 0.0016 
Zr-020-R-XV111-13 1662 21 1746 29 1848 20 0.94 10 1848 38 0.0002 
Zr-020-R-XV111-14 568 11 576 22 607 20 0.23 6 569 10 0.0015 
Zr-020-R-XV111-16 931 14 941 25 964 21 0.35 3 933 13 0.0283 
Zr-020-S-X1X-01 1008 12 1037 21 1098 19 0.26 8 1098 64 0.0018 
Zr-020-S-XIX-02 1005 17 1043 38 1124 37 0.46 11 1011 15 0.0021 
Zr-020-S-XIX-05 1105 12 1128 22 1173 19 0.30 6 1111 11 0.0002 
Zr-020-T-XX-02 2309 28 2531 35 2714 19 0.92 15 2714 23 0.0060 
Zr-020-T-XX-03 952 11 975 19 1027 17 0.50 7 1027 66 0.0012 
Zr-020-T-XX-04 612 11 622 17 661 13 0.33 7 615 11 0.0005 
Zr-020-T-XX-07 927 16 963 22 1047 15 0.13 11 1047 60 	 0.002775 
Wasserfall Member-Stockdale Formation (south of Osis ridge) 
Zr-016-C-III-01 570 9 568 16 562 13 0.31 -1 569 9 0.0006 
Zr-016-C-111-03 592 7 597 13 615 11 0.42 4 593 7 0.0002 
Zr-016-C-I11-07 558 20 558 23 554 11 1.56 -1 558 18 0.0011 
Zr-016-C-111-09 568 13 559 22 521 17 0.36 -9 566 12 0.0014 
Zr-016-D-IV-02 534 9 534 13 538 10 0.43 1 534 8 0.0000 
Zr-016-D-1V-05 530 9 534 14 549 11 0.42 3 531 9 0.0002 
Zr-016-D-IV-10 530 8 537 12 566 8 0.26 6 532 8 0.0000 
Zr-016-D-1V-12 535 21 535 22 536 9 0.73 0 535 17 0.0009 
Zr-016-E-V-01 2164 12 2397 18 2600 13 0.71 17 2600 18 0.0012 
Zr-016-E-V-13 1009 13 1019 21 1042 17 0.35 3 1013 11 0.0005 
Zr-016-E-V-14 556 7 563 22 589 21 0.46 6 557 7 0.0019 
Zr-016-E-V-15 2060 28 2101 63 2142 58 0.52 4 2076 22 0.0017 
Zr-016-F-VI-01 537 13 537 19 536 14 0.64 0 537 12 0.0018 
Zr-016-F-VI-04 600 14 604 27 618 23 0.88 3 600 13 0.0026 
Zr-016-F-V1-06 555 9 558 13 572 10 0.60 3 556 8 0.0005 
Zr-016-F-VI-07 560 10 562 17 570 14 0.19 2 560 10 0.0021 
Zr-016-G-V11-01 537 8 537 11 541 8 0.37 1 537 7 0.0004 
Zr-016-G-VII-05 541 9 541 13 541 9 0.38 0 541 9 0.0001 
Zr-016-G-VII-12 568 19 567 26 567 17 0.31 0 568 18 0.0010 
Zr-016-H-V111-02 529 11 535 15 560 11 0.85 5 531 10 0.0010 
Zr-016-H-VIII-07 540 7 543 13 553 11 0.18 2 541 7 0.0003 
Zr-016-H-V111-08 633 14 641 17 668 11 0.55 5 637 12 0.0002 
Zr-0164-1X-01 597 14 588 18 555 11 0.50 -7 593 13 0.0003 
Zr-016-1-1X-03 564 10 560 19 542 16 0.49 -4 564 10 0.0002 
Zr-0164-IX-04 591 9 595 17 611 15 0.40 3 591 8 0.0002 
Zr-016-1-1X-05 1681 21 1701 35 1726 27 2.05 3 1694 16 0.0025 
Zr-016-1-1X-07 574 35 572 38 563 14 0.30 -2 571 28 0.0007 
Zr-016-I-IX-09 550 7 557 15 584 14 0.44 6 550 7 0.0000 
Zr-016-I-DC-13 954 10 978 23 1032 22 0.52 8 957 9 0.0024 
Zr-0164-IX-14 562 13 562 26 564 22 0.93 0 562 12 0.0002 
Zr-016-1-1X-15 535 10 536 19 540 16 0.39 1 535 9 0.0004 
Zr-016-J-X-01 1839 48 1839 93 1839 79 1.07 0 1839 37 0.0010 
Zr-016-J-X-02 1831 32 1811 42 1788 27 1.42 -2 1810 20 0.0040 
Zr-016-J-X-05 1029 9 1053 23 1105 22 0.59 7 1032 9 0.0006 
Zr-016-J-X-06 2546 26 2604 39 2649 30 0.88 4 2649 +35/-38 0.0005 
Zr-016-J-X-07 553 11 555 19 563 16 0.46 2 553 10 0.0003 
Zr-016-H-VIII-07 544 6 545 12 551 11 0.18 1 544 6 0.0002 
Wasserfall Member-Stockdale Formation (North of Osis ridge) 
Zr-017-J-X-04 508 6 522 10 580 8 0.72 12 580 63 0.0064 
Zr-017-J-X-07 565 6 594 8 706 5 0.47 20 706 34 0.0049 
Zr-017-J-X-12 489 5 506 7 580 5 0.56 16 580 40 0.0009 
Zr-017-J-X-14 728 5 748 19 809 20 0.39 10 728.5 4.3 0.0021 
Zr-017-K-X1-01 872 8 890 12 936 10 0.36 7 936 40 0.0005 
Zr-017-K-X1-03 543 4 553 6 594 4 0.71 9 594 33 0.0012 
Zr-017-K-X1-07 1872 11 1865 21 1857 18 1.06 -1 1869 8.5 0.0005 
Table 8. U-Pb detrital zircon analyses of the 
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Table 8. U-Pb detrital zircon analyses of the Schwarzrand and Fish River Subgroups. 
Label 206p b/238 u Er. ioi-• 
	
rim135 U Er. 207p b/206pb E r. 	 232 ,••I • '238 n/ 	 U 
±lci 	 ±lci 	 ±lo 
Disc. 	 Age (Ma) 
% 
Er. 
±lci 2o6 j.. 
Zr-017-K-X1-12 1352 12 1363 19 1382 15 0.43 2 1358 9.9 0.0003 
Zr-017-K-X1-13 552 5 554 7 561 4 0.90 2 552.6 4.8 0.0021 
Zr-017-K-X1-15 1037 8 1041 13 1048 11 0.53 1 1039 7.2 0.0003 
Zr-017-L-X11-04 1042 6 1043 13 1045 12 0.47 0 1043 5.6 0.0010 
Zr-017-L-X11-05 517 6 536 9 621 8 0.82 17 621 53 0.0032 
Zr-017-L-XII-09 865 10 874 15 896 12 0.60 3 868 8.7 0.0010 
Zr-017-L-X11-11 1429 15 1592 19 1814 8 0.97 21 1814 18 0.0032 
Zr-017-M-X111-01 617 7 619 11 626 8 0.71 1 618 6.3 0.0006 
Zr-017-M-XIII-02 2784 13 2718 26 2669 22 0.52 -4 2669 28 0.0007 
Zr-017-M-X111-08 687 6 710 13 784 12 0.50 12 784 63 0.0084 
Zr-017-M-X111-09 604 8 605 10 605 7 1.19 0 604 7 0.0022 
Zr-017-M-X1I1-10 2013 14 2011 42 2008 40 0.56 0 2013 12 0.0002 
Zr-017-P-XVI-04 491 6 513 12 613 12 0.89 20 613 85 0.0007 
Zr-017-P-XVI-10 1056 12 1054 22 1052 19 0.56 0 1055 10 0.0003 
Haribes Member- Nababis Formation (south of Osis ridge) 
Zr-020-A-I-02 966 12 998 21 1069 18 0.25 10 * *1027 36 0.0007 
Zr-020-A-1-03 937 18 963 26 1024 19 0.53 9 **1027 36 0.0028 
Zr-020-A-I-04 842 15 905 29 1061 28 0.12 21 1061 100 0.0043 
Zr-020-A-1-05 811 16 836 20 904 13 0.55 10 904 56 0.0035 
Zr-020-A-I-06 833 10 881 15 1005 13 0.28 17 **1027 36 0.0002 
Zr-020-A-1-08 533 10 570 14 722 11 0.35 26 722 68 0.0048 
Zr-020-A-I-09 618 11 619 17 621 13 1.04 0 618 9.9 0.0012 
Zr-020-A-1-11 562 11 576 22 631 21 0.15 11 564 10 0.0000 
Zr-020-A-I-13 580 12 595 15 650 10 0.91 11 650 66 0.0047 
Zr-020-A-I-14 972 13 1002 20 1070 16 0.35 9 1070 61 0.0011 
Zr-020-A-1-15 757 7 817 13 985 12 0.45 23 985 50 0.0009 
Zr-020-A-1-16 958 10 989 16 1057 13 0.54 9 1057 47 0.0006 
Zr-020-B-II-03 1056 7 1063 17 1080 15 0.47 2 1057 6.6 0.0087 
Zr-020-B-1I-04 910 9 931 15 982 12 0.23 7 982 49 0.0002 
Zr-020-B-11-05 524 8 529 12 550 9 0.58 5 725 	 • 7.1 0.0002 
Zr-020-B-1I-07 958 7 978 29 1022 29 0.55 6 995 6.8 0.0035 
Zr-020-B-11-08 941 13 1006 19 1151 14 0.34 18 1151 48 0.0083 
Zr-020-B-II-10 860 9 908 14 1026 12 0.20 16 1026 48 0.0001 
Zr-020-B-1I-11 962 8 990 17 1053 16 0.41 9 1053 57 0.0007 
Zr-020-B-II-12 734 8 742 10 767 7 0.46 4 739 7.2 0.0003 
Zr-020-B-I1-13 1016 6 1069 10 1178 8 0.27 14 1178 29 0.0023 
Zr-020-C-III-03 586 11 599 31 646 31 0.51 9 587 11 0.0009 
Zr-020-C-111-04 a 988 9 1007 12 1049 9 1.35 6 1099 34 0.0001 
Zr-020-C-I11-04 b 570 6 585 11 644 10 0.35 11 *661 51 0.0005 
Zr-020-C-111-05 604 13 622 18 689 13 0.13 12 *661 51 0.0003 
Zr-020-C-111-06 586 7 590 12 603 10 0.25 3 587 6.6 0.0006 
Zr-020-C-111-08 954 8 970 21 1006 20 0.32 5 955 7.2 0.0062 
Zr-020-C-II1-10 597 8 606 12 640 9 0.16 7 599 7.7 0.0030 
Zr-020-C-111-11 984 11 996 21 1024 18 0.50 4 987 9.8 0.0004 
Zr-020-C-111-13 888 10 921 16 1000 14 0.19 11 1000 55 0.0030 
Zr-020-C-111-14 991 15 1012 20 1058 14 0.46 6 1058 55 0.0007 
Rosenhof Member-Gross Aub Formation (south of Osis ridge) 
Zr-017-A-1-01 811 7 819 13 843 11 0.52 4 812 7 0.0010 
Zr-017-A-I-02 541 12 551 15 596 8 0.44 9 547 11 0.0027 
Zr-017-A-1-05 1026 7 1034 10 1050 7 0.39 2 1029 6 0.0004 
Zr-017-A-I-06 1047 12 1034 15 1006 8 0.32 -4 1006 33 0.0020 
Zr-017-A-1-08 830 6 848 8 895 6 0.71 7 895 26 0.0061 
Zr-017-A-1-09 1023 9 1024 11 1027 7 0.43 0 1024 7 0.0013 
Zr-017-A-1-11 602 6 606 8 622 4 0.43 3 605 6 0.0005 
Zr-017-A-I-12 569 5 563 7 536 4 1.07 -6 567 4 0.0020 
Zr-017-A-1-12 2033 15 2038 22 2043 16 1.08 0 2037 10 0.0012 
Zr-017 -A-I-13 962 7 966 22 974 21 0.50 1 963 7 0.0029 
Zr-017-A-1-15 1010 9 1027 11 1063 6 0.30 5 1063 24 0.0004 
Zr-017-A-1-16 1048 7 1051 9 1059 6 0.33 1 1050 6 0.0003 
Zr-017-B-I1-01 1020 8 1034 10 1062 6 0.20 4 1062 24 0.0003 
Zr-017-B-11-02 1008 13 1023 17 1054 10 0.47 4 1054 40 0.0023 
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Table 8. U-Pb detrital zircon analyses of the Schwarzrand and Fish River Subgroups. 
Label 206p b/23Su Er. 207pb/235u Er. 2 1 
-° P b/ 062 -Pb Er. 
±lo 
	 tiff 	 tiff 
232Th/238U Disc. 
% 
Age (Ma) Er. 
tiff ivy 
Zr-017-B-11-08 1032 12 1038 14 1053 8 0.36 2 1039 9 0.0002 
Zr-017-B-11-09 544 6 551 16 580 15 0.48 6 544 6 0.0006 
Zr-017-B41-11 907 5 917 9 944 7 0.29 4 944 31 0.0001 
Zr-017-B-11-15 1035 10 1039 15 1047 11 0.58 1 1037 8 0.0005 
Zr-017-B41-17 581 7 584 9 596 5 1.12 2 583 7 0.0006 
Zr-017-C411-01 966 8 981 11 1014 8 0.55 5 1014 39 0.0004 
Zr-017-C411-02 1003 6 1012 13 1032 12 0.52 3 1005 6 0.0006 
Zr-017-C-111-04 624 7 624 13 625 11 0.49 0 624 7 0.0011 
Zr-017-C-1II-06 642 6 643 10 646 8 0.48 1 642 6 0.0006 
Zr-017-C-111-07 1018 11 1024 16 1037 12 0.46 2 1021 9 0.0003 
Zr-017-C-11I-08 1028 10 1036 14 1051 10 0.34 2 1032 8 0.0005 
Zr-017-C-H1-10 624 7 629 9 644 6 0.28 3 626 6 0.0025 
Zr-017-C-111-12 560 5 561 7 562 5 0.33 0 560 5 0.0002 
Zr-017-C-111-14 762 6 770 9 793 7 0.64 4 764 5 0.0005 
Zr-017-C-111-17 603 6 605 8 612 6 0.47 2 603 5 0.0014 
Zr-017-D4V-01 1030 8 1027 19 1021 16 0.51 -1 1030 8 0.0012 
Zr-017-D-IV-02 1007 9 1014 14 1029 10 0.43 2 1010 8 0.0004 
Zr-017-D4V-03 569 5 570 7 576 4 0.49 1 569 5 0.0007 
Zr-017-D-IV-06 632 7 631 10 628 7 0.88 -1 632 6 0.0017 
Zr-017-D-1V-09 1044 6 1055 13 1078 12 0.27 3 1046 5 0.0006 
Zr-017-D4V-11 582 9 582 10 585 5 0.55 1 582 8 0.0020 
Zr-017-D-IV-13 542 5 546 7 561 6 1.22 3 543 5 0.0019 
Zr-017-D4V-14 1010 9 1016 16 1029 13 0.30 2 1012 8 0.0010 
Zr-017-D-IV-15 903 7 898 10 887 7 0.67 -2 901 6 0.0019 
Zr-017-D-IV-16 1059 10 1060 14 1064 10 0.37 0 1060 8 0.0006 
Zr-017-E-V-01 1035 7 1047 11 1071 8 0.30 3 1071 32 0.0001 
Zr-017-E-V-02 632 6 635 10 644 7 0.30 2 633 6 0.0005 
Zr-017-E-V-07 1016 8 1031 12 1064 9 0.51 5 1064 35 0.0016 
Zr-017-E-V-09 554 5 556 9 568 7 0.18 3 554 5 0.0008 
Zr-017-E-V-11 516 4 529 7 590 6 0.55 13 590 44 0.0008 
Zr-017-E-V-14 635 7 635 10 635 8 1.42 0 635 6 0.0013 
Zr-017-E-V-15 551 6 559 7 588 5 0.12 6 588 34 0.0036 
Zr-017-E-V-17 828 7 877 12 1003 11 0.80 17 1003 43 0.0032 
Zr-017-F-V1-01 627 5 628 7 631 5 0.40 1 627.6 5 0.0003 
Zr-017-F-VI-05 573 9 572 12 570 8 0.54 0 572 9 0.0035 
Zr-017-F-V1-07 778 8 786 11 807 9 0.41 4 781 7 0.0022 
Zr-017-F-V1-09 626 7 631 10 648 7 0.12 3 628 6 0.0006 
Zr-017-F-VI-10 568 7 567 8 564 5 0.49 -1 568 6 0.0005 
Zr-017-F-VI-11 828 6 844 14 885 13 0.44 6 830 6 0.0008 
Zr-017-F-V1-14 563 5 564 7 566 5 0.25 1 563 5 0.0005 
Zr-017-F-VI-15 649 5 651 10 656 9 0.73 1 649.4 5 0.0013 
Zr-017-G-V11-01 855 8 870 13 909 11 0.28 6 909 48 0.0009 
Zr-017-G-V1I-07 577 7 584 9 612 6 0.62 6 580 7 0.0039 
Zr-017-G-V11-09 560 8 563 10 573 5 1.28 2 562 7 0.0000 
Zr-017-G-V11-10 1056 7 1055 12 1052 9 0.56 0 1056 6 0.0011 
Zr-017-G-VI1-12 573 5 578 9 598 8 0.31 4 573.6 5 0.0016 
Zr-017-G-V1I-13 519 4 530 7 580 6 0.29 11 580 50 0.0002 
Zr-017-G-VII-16 970 12 983 16 1011 10 0.37 4 980 10 0.0008 
Zr-017-H-V11I-01 1022 7 1021 12 1018 9 0.82 0 1022 6 0.0002 
Zr-017-H-V111-02 1011 7 1016 10 1026 7 0.55 1 1013 6 0.0003 
Zr-017-H-VI1I-05 606 6 606 11 607 10 0.59 0 606 5 0.0009 
Zr-017-H-VIII-06 1054 8 1061 15 1073 13 0.40 2 1056 7 0.0004 
Zr-017-H-VI11-08 566 9 568 12 577 7 1.58 2 563 6 0.0023 
Zr-017-H-VIII-10 572 5 573 7 580 5 0.39 1 571 5 0.0003 
Zr-017-H-V111-13 1064 10 1065 20 1066 18 0.50 0 1064 9 0.0008 
Zr-017-H-VIII-16 568 5 567 7 559 5 0.55 -2 568 6 0.0004 
Concordant age calculated using the isoplot program of Ludwig (2003). The concordant ages in italic 
correspond to age forced at origin. * calculated age from zircon population. Er.: error. 
Disc.: Discordance. 
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Table 9. U-Pb detrital zircon analyses of the Arroyo del Soldado Group 
Label 206... Yu/138  U Er. 
±)_a 
207Pb/235U 	 Er. 
±la 
via/ ,206 Pb Er. Th/U Disc. Age (Ma) 
tin 
Er. 
±la 206f 
Verbal Formation 
Zr-018-A-1-13 2081 53 2136 56 2189 15 0.83 5 2189 23 0.0002 
Zr-018-A-I-14 1981 26 2002 32 2024 18 0.53 2 2009 13 0.0002 
Zr-018-A-I-15 2172 63 2188 67 2202 23 0.47 1 2199 17 0.0009 
Zr-018-B-II-03 1783 37 1994 46 2220 22 1.10 20 2078* 230 0.0062 
Zr-018-B-II-04 1836 47 2009 53 2192 12 0.69 16 2078* 230 0.0039 
Zr-018-B-II-07 1796 32 1992 40 2202 20 0.78 18 2078* 230 0.0011 
Zr-018-B-II-12 2252 55 2217 58 2184 19 -0.09 -3 2192 15 0.0004 
Zr-018-B-II-13 1974 32 2088 42 2203 26 0.63 10 2189* +18/-16 0.0044 
Zr-018-C-III-01 2090 39 2144 43 2196 17 1.11 5 2196 +28/-29 0.0003 
Zr-018-C-III-05 2129 31 2160 40 2190 24 0.77 3 2169 16 0.0013 
Zr-018-C-III-07 2276 25 2230 46 2187 38 0.80 -4 2246 520 0.0005 
Zr-018-D-IV-01 2192 31 2194 48 2196 37 0.90 0 2193 20 0.0004 
Zr-018-D-IV-03 2062 26 2125 41 2186 32 0.81 6 2189* +18/-16 0.0006 
Zr-018-D-IV-06 2065 26 2044 33 2023 20 1.22 -2 2040 14 0.0002 
Zr-018-D-IV-12 2124 31 2154 40 2183 26 0.76 3 2159 16 0.0006 
Zr-018-D-IV-13 b 1968 22 2079 35 2191 28 0.54 10 2189* +18/-16 0.0007 
Zr-018-E-V-07 2079 20 2132 27 2184 18 0.68 5 2184 +27/-28 0.0003 
Zr-018-F-VI-01 2155 39 2170 45 2184 22 0.53 1 2178 15 0.0005 
Zr-018-F-VI-03 2010 24 2102 35 2193 25 0.51 8 2187 24 0.0047 
Zr-018-G-VII-01 3055 24 3036 25 3024 9 1.51 -1 3027 5.7 0.0004 
Zr-018-G-VII-04 1941 22 2074 28 2210 16 1.13 12 2197 17 0.0248 
Zr-018-H-VIII-01 2069 44 2058 52 2047 29 0.96 -1 2054 21 0.0005 
Zr-018-1-1X-03 1043 18 1048 20 1057 10 1.03 1 1049 13 0.0011 
Zr-018-1-IX-05 663 16 665 21 674 14 0.36 2 664 14 0.0021 
Zr-0184-1X-07 1005 19 1012 27 1026 19 0.57 2 1009 16 0.0040 
Zr-018-I-IX-09 1021 16 1027 22 1041 14 0.36 2 1025 13 0.0006 
Zr-018-1-IX-10 1031 13 1046 22 1075 18 0.58 4 1036 11 0.0002 
Zr-018-J-X-01 1947 40 1913 46 1876 24 0.89 -4 1898 19 0.0004 
Zr-018-J-X-02 1065 20 1062 25 1058 16 0.34 -1 1063 16 0.0003 
Barriga Negra Formation 
Zr-019-A-I-01 2639 39 2867 52 3032 32 0.35 13 3127* 100 0.0007 
Zr-019-A-I-03 2304 7 2736 16 3073 16 1.11 25 3127* 100 0.0146 
Zr-019-A-1-04 1762 16 1764 31 1766 27 1.94 0 1763 12 0.0007 
Zr-019-A-I-05 3153 54 3135 86 3123 67 1.32 -1 3135 27 0.0002 
Zr-019-A-I-08 3204 65 3170 74 3148 37 0.33 -2 3155 18 0.0004 
Zr-019-A-1-09 593 13 597 18 611 13 0.84 3 594 12 0.0007 
Zr-019-A-1-10 587 8 595 17 625 16 0.66 6 588 7.8 0.0000 
Concordant age calculated using the isoplot program of Ludwig (2003). The concordant ages in italic 
correspond to age forced at origin. * calculated discordia of 3 zircon spots. Disc.: Discordance. 
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Table 9. U-Pb detrital zircon analyses of the Arroyo del Soldado Group 
Label 206Pb- /238 U 	 Er. 
±1 a 
207Pb/2"U Er. 
±la 
207 	 06 Pb/2 Pb Er. Th/U Disc. Age (Ma) 
±la 	 % 
Er. 
±10 206f 
Zr-019-A-1-11 3073 57 3045 78 3026 53 0.18 -2 3039 24 0.0026 
Zr-019-A-I-13 2727 44 2699 70 2677 55 0.01 -2 2701 24 0.0002 
Zr-019-A-1-14 1769 31 1765 55 1762 45 1.76 0 1767 14 0.0001 
Zr-019-A-1-16 564 9 572 13 603 10 1.00 6 566 8.4 0.0006 
Zr-019-B-11-03 2600 42 2766 53 2890 30 1.35 10 2890 33 0.0056 
Zr-019-B-11-07 1809 36 1787 59 1761 47 2.01 -3 1 795 26 0.0008 
Zr-019-B-11-09 632 13 631 22 628 17 1.05 -1 631 12 0.0004 
Zr-019-B-II-10 1675 19 1712 31 1759 25 1.36 5 1759 51 0.0004 
Zr-019-B-11-13 1739 18 1750 29 1764 23 2.23 1 1747 13 0.0008 
Zr-019-B-II-17 1777 18 1768 30 1757 24 1.52 -1 1771 13 0.0005 
Zr-019-C-II1-02 2769 63 2873 67 2946 14 0.42 6 2946 15 0.0028 
Zr-019-C-111-03 1823 35 1796 40 1764 20 2.10 -3 1784 17 0.0021 
Zr-019-C-111-05 2200 34 2162 45 2127 30 0.32 -3 2157 19 0.0035 
Zr-019-C-H1-07 1706 26 1734 43 1767 35 2.44 3 1723 19 0.0011 
Zr-019-C-111-10 1739 19 1757 26 1779 17 0.73 2 1757 12 0.0019 
Zr-019-B-11-13 1722 32 1738 40 1756 25 2.26 2 1740 19 0.0007 
Zr-019-D-IV-05 620 13 624 30 638 27 0.66 3 620 12 0.0004 
Zr-019-E-V-05 573 8 586 14 637 11 1.13 10 576 7.9 0.0004 
Zr-019-E-V-10 607 11 623 16 683 13 0.72 11 611 10 0.0016 
Zr-019-F-VI-10 582 20 587 24 607 12 1.39 4 586 16 0.0006 
Zr-019-F-V1-12 1758 22 1762 34 1767 25 0.90 1 1761 16 0.0003 
Zr-019-F-VI-13 1653 27 1715 35 1792 23 2.22 8 1781* +32/-33 0.0024 
Zr-019-G-VII-01 1749 29 1757 42 1767 30 1.65 1 1756 20 0.0007 
Zr-019-G-VII-02 582 13 588 19 607 14 0.99 4 584 12 0.0008 
Zr-019-H-VI11-01 1757 25 1763 36 1769 26 1.85 1 1762 17 0.0005 
Zr-019-H-V111-02 2288 28 2284 41 2281 30 1.08 0 2284 16 0.0007 
Zr-019-H-VI11-03 3016 63 3073 74 3110 37 0.28 3 3098 18 0.0025 
Zr-019-H-V1I1-04 568 11 577 15 615 10 0.77 8 571 11 0.0004 
Zr-019-I-X-02 1784 33 1779 38 1773 20 1.89 -1 1777 17 0.0000 
Cerros San Francisco Formation 
Zr-016-K-XI-01 2597 8 2512 29 2444 27 0.25 -6 2444 37 0.0004 
Zr-016-K-X1-02 2064 12 2130 21 2194 18 0.74 6 2194 28 0.0008 
Zr-016-K-XI-03 1961 12 2071 18 2182 14 0.89 10 2182 23 0.0023 
Zr-016-K-X1-04 2026 14 2108 32 2188 29 0.54 7 2188 46 0.0014 
Zr-016-K-XI-05 665 5 651 10 605 8 2.15 -10 605 53 0.0006 
Zr-016-K-X1-06 2253 8 2179 31 2111 29 0.27 -7 2111 47 0.0007 
Zr-016-K-XI-09 3165 16 3113 39 3080 35 0.60 -3 3080 37 0.0004 
Zr-016-K-X1-10 2574 9 2528 19 2491 17 0.77 -3 2491 23 0.0004 
Zr-016-K-X1-11 2455 8 2357 17 2273 15 0.41 -8 2273 23 0.0003 
Zr-016-K-X1-12 2179 14 2149 20 2120 14 0.66 -3 2120 24 0.0004 
Zr-016-K-XI-13 2616 15 2611 23 2606 18 0.49 0 2611 8.6 0.0006 
Zr-016-K-X1-14 2182 18 2175 23 2168 14 0.83 -1 2173 9.3 0.0004 
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Table 9. U-Pb detrital zircon analyses of the Arroyo del Soldado Group 
Label 1 ro/ 38  U Er. 
±10 
2°7Pb/235U Er. 207Pb/206Pb Er. Th/U Disc. Age (Ma) 
tic 	 ±la 
Er. 
±la 296j 
Zr-016-K-XI-15 2094 17 2120 20 2146 9 0.62 2 2146 16 0.0004 
Zr-016-K-XI-16 2108 11 2123 20 2138 16 0.41 1 2118 7.9 0.0014 
Zr-016-L-XII-01 2136 22 2115 26 2095 15 1.47 -2 2108 10 0.0007 
Zr-016-L-XII-02 2101 15 2152 24 2201 19 0.55 5 2201 30 0.0004 
Zr-016-L-XII-03 2673 27 2712 39 2741 28 0.52 2 2741 34 0.0009 
Zr-016-L-XII-06 2138 16 2111 21 2084 14 0.34 -3 2048 24 0.0002 
Zr-016-L-XII-07 3009 22 3038 31 3058 21 0.41 2 3058 23 0.0002 
Zr-016-L-XII-08 3349 46 3370 52 3382 25 0.72 1 3379 11 0.0002 
Zr-016-L-XII-14 2084 13 2099 23 2113 19 0.42 1 2093 9.2 0.0007 
Zr-016-M-XIII-02 2257 8 2224 15 2194 12 0.41 -3 2194 20 0.0011 
Zr-016-M-XIII-03 2593 11 2505 16 2434 12 0.29 -7 2434 18 0.0004 
Zr-016-M-X111-04 2542 11 2458 15 2389 11 0.58 -6 2389 16 0.0002 
Zr-016-M-XIII-06 2047 17 2115 20 2182 9 0.29 6 2182 15 0.0008 
Zr-016-M-XIII-07 2146 10 2102 14 2059 10 0.91 -4 2059 18 0.0004 
Zr-016-M-XIII-11 2494 20 2492 24 2490 14 0.61 0 2491 8.5 0.0002 
Zr-016-M-XIII-12 2138 11 2116 16 2095 12 0.55 -2 2095 20 0.0023 
Zr-016-M-X111-13 2106 20 2110 23 2115 11 0.78 0 2112 8.5 0.0019 
Zr-016-M-XIII-14 3093 15 2988 20 2918 12 0.41 -6 2918 15 0.0002 
Zr-016-N-XrV-03 2115 23 2081 39 2048 31 0.48 -3 2040 53 0.0058 
Zr-016-N-XIV-12 2102 23 2092 30 2083 20 0.63 -1 2091 13 0.0040 
Zr-016-N-XIV-13 2074 15 2062 27 2050 22 0.27 -1 2067 11 0.0039 
Zr-016-N-XIV-14 2012 14 2021 23 2030 18 0.69 1 2018 9.7 0.0041 
Zr-016-0-XV-03 2189 21 2153 34 2118 27 0.52 -3 2119 43 0.0077 
Zr-016-0-XV-05 3613 31 3608 33 3605 12 0.59 0 3606 6.2 0.0057 
Zr-016-0-XV-11 2027 17 1997 23 1966 16 1.13 -3 1960* 13 0.0064 
Zr-016-O-XV-13 2031 21 1989 31 1947 23 1.04 -4 1960* 13 0.0072 
Zr-016-0-XV-13 2033 20 2067 24 2102 12 0.43 3 2102 20 0.0065 
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APPENDIX 4 
REE (RARE EARTH ELEMENT) PATTERNS 
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Barriga Negra Formation sandstones 
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APPENDIX 5 
PETROGRAPHY 
A.5.1 NAMA GROUP 
A.5.1.1 Kuibis Subgroup 
Kanies Member (Dabis Formation) 
The unit begins with polymictic conglomerates characterized by rounded clast 
with a maximum grain size of 4 mm (Fig. la). Conglomerates are clast-supported and 
the matrix is composed of coarse-grained quartz-arenites (60% vol. polycrystalline 
quartz). The matrix is composed of muscovite and chlorite and is cemented by silica. 
Conglomerate clasts comprise polycrystalline quartz, microcline, orthoclase, 
plagioclase and mudrock. Some plagioclase grains are altered to chlorite-illite. Up 
section, the conglomerates grades to fine and coarse grained sandstones. The 
sandstones are typically well sorted subfeldsarenites according to the Folk (1970) 
classification scheme. Monomineralic non undulose quartz dominates the detrital 
composition (80% vol. of the total quartz content) and polycrystalline type is frequent 
(Fig. lb). Feldspar content reaches 20% (vol.), and is dominated by albite and 
subordinated microcline. Plagioclase altered to chlorite is also observed in some grains. 
Lithoclasts are less than 5% in vol. and are composed of chlorite-aggregates and 
mudrocks. The matrix is composed of illite and is cemented by silica and less 
commonly by calcite. The heavy mineral fraction being less than 1% in vol. is 
dominated by rounded zircons, rutile and tourmaline. The mudrocks of this Member are 
composed of quartz, microcline, muscovite and ± biotite (see XRD data in Appendix 
2). 
Omkyk Member 
The Member is characterized by medium to coarse grained sandstones, which 
typically are quartz-arenites and feldsarenites according to the classification scheme of 
Folk et al. (1970; Fig. lc). Typically, the sandstone clasts are subrounded to rounded 
showing a bimodal grain size including coarse sand (phi 0.5) and fine sand (phi 2.75) 
populations. Polycrystalline quartz grains are only present in the coarse fraction being 
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Fig. 1. Microphotographs under crossed nicols of silisiclastic rocks of the Nama Group. Polymyctic 
conglomerate (a) and subfeldsarenite (b) showing polycrystalline quartz (PQ) and mudrock (M) 
clasts and (c) K-Feldspar (K-Fd) shows illite alteration rim. (a), (b) and (c) correspond to samples 
of the Kuibis Subgroup. (d) Subfeldsarenite of the Niederhagen Member. (e) and (f) coarse 
subfeldsarenite of the Urusis Formation. Scale bars represent 500 µm for all photographs. 
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less than 10% (vol. of the total clasts) and only a few show undulose extinction. The 
feldspar content (-10% of the grains) are medium grained (2.0-1.0 phi), and are 
composed of microcline, perthitic orthoclase and albite. Only a few lithic fragments are 
observed which are derived from mudrocks. The cement is siliceous and is less than 2% 
in vol. . 
The mudrocks (usually green) are composed of quartz, muscovite, albite, 
chlorite and ± calcite (see XRD data in Appendix 2). 
Hoogland Member 
Mudrocks of this Member are composed of quartz, albite, chlorite, muscovite ± 
calcite ± rutile (see XRD data in Appendix 2). 
Kliphoek Member 
The sandstones of this member display a broad range of grain size varying 
between very fine to coarse sand and they are well rounded. Quartz-arenite or 
subfeldsarenites are the most common lithotypes with low amounts of microcline 
feldspar. Polycrystalline quartz is absent and lithic fragment are composed of 
mudrocks. The matrix is less than 1% vol. and is composed of illite. The cement is 
composed of secondary quartz overgrowth in optical continuity and dust rims are also 
observed. Muscovite is a widespread accessory mineral. 
Urikos Member 
The analyzed green mudrocks of this member are composed of quartz, chlorite, 
albite, illite, muscovite ± calcite (see Appendix 2). 
A.5.1.2 Schwarzrand Subgroup 
Niederhagen Member (Nudaus Formation) 
The sandstones of the Niederhagen Member are mainly subfeldsarenites or 
quartz-arenites according the classification scheme of Folk et al. (1970). The 
sandstones consist of fine to medium grained sand and are well sorted (Fig. 1d). 
Monocrystalline rounded to well rounded quartz is the only type observed and show no 
evidence of deformation. The quartz content is up of 85% (of total clasts). Subangular 
247 
to rounded plagioclase is the dominant type of feldspar and is very fine grained. The 
matrix, generally less than 5% vol., is dominated by illite while montmorillonite is 
present according to XRD analyses. Secondary quartz overgrowth (less than 5% vol.), 
fills primary porosity and show optical continuity with the surrounding clasts. Dust 
rims around the grains are commonly seen. Accessory minerals are composed of heavy 
minerals and detrital muscovite, which are 1% vol. of the rock. Isolated chromian 
spinels appear also in octahedral and subhedral shapes, being typically 70-150 gm 
across (Fig. 2a). Grains are generally homogenous and show no obvious sign of zoning 
under SEM-BSE (Scanning Electron Microscope-Backscatter Electron image) and EDS 
(Energy Dispersive System) analyses. 
Urusis Formation 
The subfeldsarenites (Folk et al., 1970) from the Zaris sub-basin are typically 
well sorted and medium to coarse grained. Monomineralic quartz is the only type 
present and is subrounded (Figs. le and f). Albite appears as the most common 
feldspar, microcline is subordinate, and some of them altered to sericite. Rock 
fragments are mainly composed of chlorite and illite. The matrix is less than 2% in vol. 
and is composed of illite and chlorite, and cemented by quartz. Muscovite is a 
widespread accessory mineral. Facies of the Urusis Formation from the Witputs sub-
basin comprise sandstones characterized by carbonatic cements due to the influence of 
limestones from the Huns and Spitkops Members. This influence disappears towards 
the Osis ridge (Germs, 1983; Fig. 2). These sandstones are cemented by micritic calcite 
(up to 10 % in vol.). According to Folk et al. (1970), they are classified as lithic 
feldsarenites being poorly sorted and fine grained. The angular monocrystalline quartz 
is dominant. The feldspar content is dominated by angular plagioclase. Lithic fragments 
are abundant, subrounded and are composed of chlorite and siltstones. Concentration of 
heavy minerals in bands of 400 gm in width was observed, and they are composed of 
rutile, opaque minerals, epidote, zircons and tourmalines. Biotite and muscovite are 
common accessory minerals. 
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Fig. 2. SEM-BSE images of (a) chromian spine! of the Niederhagen Member; (b) detrital 
orthopyroxene showing inclusions of chromian spinels and (c) orthopyroxene of the 
Nomtsas Formation. (d) Isolated chromian spinel from the same Formation. Note that no 
rims on the chromian spinels are observable. 
Nasep Member 
The sandstones are classified as litharenites (Folk et al., 1970); they comprise 
well rounded and well sorted fine grains (3.0-2.25 phi). Monocrystalline quartz with 
undulose and straight extinction is the most common type (>90% of the total quartz 
population) and polycrystalline is subordinate (Figs. 3a and b). Plagioclase and 
microcline are less than 10% vol. Lhitic fragments are composed of chlorite, chert and 
mudrocks. The matrix commonly is less than 2% and is composed of illite and chlorite 
(chamosite) and cemented by quartz or calcite patches. Serrated edges between the 
quartz grains are commonly observed, being characteristic of pressure solution effects 
in diagenesis (Dapples, 1979). Muscovite is a widespread accessory mineral. 
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Fig. 3. Microphotographs under crossed nicols of siliciclastic rocks of the Nama Group. (a) Fine 
grained litharenite of the Nasep Member. (b) Litharenite showing patches of calcite cement. (c) and 
(d) Litharenites showing chloritic mudrocks and quartzite (Qtz) as the dominants lithic clast. (e) 
Altered clast of mafic lava (BL). (b), (c), (d) and (e) correspond to samples from the Nomtsas 
Formation. (f) Litharenite of the Vergesig Formation showing the dominance of mudrocks clast 
(M). Scale bars represent 500 p.m for all photographs. 
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Niep/Kreyriver Members (Nomtsas Formation) 
The sandstones of these units consist of very fine to fine grained, moderately 
sorted feldspathic litharenites and litharenites according to the classification of Folk et 
al. (1970). Angular to subangular monocrystalline quartz shows no evidence of 
deformation (Figs. 3c and d). The quartz content varies between 50 and 60%. The 
feldspar content varies between 15 and 25% being exclusively composed of 
plagioclase. Advanced stages of chloritization were observed in some of the plagioclase 
grains. Lithic fragments are abundant (20-30%), mainly metamorphic and composed of 
sericite/chlorite altered grains and detrital chlorite. Only few volcanic clasts were 
detected (Fig. 3e). The matrix, generally less than 5% vol. is composed of sericitic 
(white mica) and chlorite. The cement is mainly composed of silica and hematite, 
sphene and barite are subordinate. 
Glauconite is a very common mineral phase according to the XRD analysis, 
confirming the marine influence in the deposition of these members observed by Germs 
(1983). The transparent heavy mineral assemblage usually is similar in size than that of 
the lighter minerals and it consists of a variable amount of subangular zircons, epidotes 
(allanite grains are present), apatites (authigenic), sphenes, pyroxenes (Fig. 2c) and 
spinels. The opaque heavy minerals are composed almost exclusively of ilmenite. The 
Niep Member detrital chromian spinel grains are generally dark red-brown to nearly 
black in transmitted light. Frequently, orthopyroxene grains show chromian spinel 
inclusions, which are characterized by octahedral shapes of 30-60 gm across (Figs. 2b-
c). Isolated chromian spinels appear also in octahedral and subhedral shapes but they 
are 70-150 IIM across (Fig. 2d). Grains are generally homogenous and show no obvious 
sign of zoning under SEM-BSE and EDS analysis. The mudroks are composed of 
quartz, albite, muscovite, illite, chlorite and hematite (see Appendix 2). 
Vergesig Formation 
The sandstones are litharenites according to the classification of Folk et al. 
(1970) and are fine to medium grained. Monocrystalline quartz is the prevalent quartz 
type but polycrystalline quartz also occurs in the coarser fractions (Fig. 3f). Feldspar is 
only represented by plagioclase. About 30% vol. of the elastic population are lithic 
fragments composed of 80% vol. of intraclastic fragments of mudrocks and 20% vol. of 
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chlorite, chert and quartzites. The matrix is about 5% and is composed of chlorite and 
illite and cemented by quartz with rare patches of calcite and sphene. 
A.5.1.3 Fish River Subgroup 
Stockdale Formation 
Feldspathic litharenites and litharenites are the dominant sandstones of the 
Stockdale Formation, and the exception is the Kabib Member (Fig. 4a) which comprise 
subfeldsarenites according to the Folk et al. (1970) classification scheme. The quartz is 
subrounded and very fine to medium grained. Monomineralic quartz type is the most 
common, but in some samples the polycrystalline type reaches more than 20% vol. K-
feldspar is dominant over plagioclase (albite); the perthitic orthoclase and microcline 
are common. Lithic fragments range between 20 and 50% of the total clast population, 
and are dominated by siltstones (chlorite-aggregates). Phyllites, chert, muscovite-
quartzites and a few of volcanic origin are subordinate (Fig. 4b). The matrix is less than 
5% vol. and composed of illite and montmorillonite. The sandstones are often 
cemented by secondary quartz overgrowth, and dust rims are observed. Calcite and 
hematite cements occur as patches (Fig. 4c). Muscovite is the most common secondary 
mineral phase. 
Breckhorn Formation 
The sandstones are subrounded litharenites (Fig. 4d) according to the 
classification scheme of Folk et al. (1970). They are fine to medium grained with some 
outsized clasts of 600 µm diameter, and are poorly to moderately well selected. 
Monocrystalline quartz is the dominant type and polycrystalline is subordinate, 
occasionally reaching 15% of the total detrital quartz population. Feldspar is less than 
10% vol. and is composed of plagioclase, microcline and perthitic orthoclase. About 
20-30% of the elastic population are lithic fragments composed of 60% of siltsone 
intraclasts (often with chlorite), 20% of chert and muscovite-quartzite, and of altered 
volcanic fragments with ophitic texture. The matrix is about 2% vol. and dominantly 
composed of montmorillonite according to XRD analysis. The sanstones are cemented 
by secondary quartz overgrowth and dust rims. Calcite cement often occur in patches 
(Fig. 4c). Muscovite is the most common accessory mineral. 
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Fig. 4. Microphotographs under crossed nicols of siliciclastic rocks of the Fish River Subgroup. 
Stockdale Formation: (a) Medium grained subfeldsarenite of the Kabib Member showing 
secondary quartz overgrowth. (b) Moderately to poorly sorted litharenite of the Inachab Member 
that shows a large mudrock intraclast. (C) Patch of calcite cement in a litharenite of the 
Wasserfall Member. (d) The lithic fraction of litharenites of the former member are dominated 
by mudrocks. (e) The Breckhorn Formation sandstones show a similar lithic composition 
dominated by mudrocks (M). (f) Litharenite of the Zammarib Member (lower Nababis 
Formation). Scale bars represent 500 pm for all photographs. 
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Zammarib Member (lower Nababis Formation) 
The sandstones are fine grained, subrounded litharenites (Fig. 40 according to 
the classification scheme of Folk et al. (1970). Plagioclase is the most abundant 
feldspar (up to 90% of the total feldspar) and only monocrystalline quartz was 
observed. The lithic fraction is dominantly composed of mudrock clasts. The matrix is 
composed of illite and is cemented by quartz being less than 2% vol. of the rock. 
Haribes/Rosenhof Members (upper Nababis, lower Gross Aub Formations) 
The sandstones in both members are typically fine to medium grained, 
moderately well sorted feldsarenites or lithic feldsarenites (Fig. 5a) according to the 
classification of Folk et al. (1970). Monocrystalline, undeformed quartz is generally the 
most abundant type (70-80%) and less than 20% of the total quartz is polycrystalline, 
both types being generally well rounded. The monocrystalline quartz is generally non-
undulose or weakly undulose, clear and without inclusions. The polycrystalline type 
displays a polygonal fabric. The feldspar content varies between 30 and 40%. K-
feldspar is more common than plagioclase (albite). In some layers, microcline and 
orthoclase are the dominant feldspars. The plagioclase and K-feldspar are altered to 
sericite and K-feldspar is locally more susceptible to alteration. The grain size of the 
plagioclase is generally smaller (fine to medium sand) than that of quartz and K-
feldspars. Plagioclase and K-feldspar grains are usually well rounded. Rock fragments 
are abundant (<10% vol.) and they are mainly sedimentary and metamorphic in origin. 
The sedimentary fragments consist of siltstones and quartzite. A few fragments 
comprising chlorite and serpentinite with inclusions of opaque minerals occur, and they 
are probably derived from metamorphic rocks. The cement is generally less than 5% 
vol., and is composed of secondary quartz overgrowth, chlorite and in some cases 
calcite patches. The matrix is composed of sericite (white mica). Chlorite and illite are 
authigenic, growing in radial rims around the clasts, and after the quartz cement. 
Accessory minerals are mainly composed of heavy minerals and detrital muscovite, 
which are 1% vol. of the rock. Biotite is subordinate, and detrital muscovite is abundant 
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Fig. 5. Microphotographs of sandstones from the Haribes Member. (a) Feldsarenites, showing 
microclines clasts (K-Fd), crossed nicols (CN). (b) Black sand layer showing high concentration of 
magnetite and transparent heavy minerals, uncrossed nicols (UN). (c) and (d) Heavy minerals (Tu: 
tourmaline, Gr: garnet) and plagioclase (Pg) in a sericitic-chloritic matrix (CN). (e) and (f) Heavy 
minerals rich-layer showing rutile (Ru) and epidote (Ep) clasts and it is cemented by titanite (e: CN 
and f: UN). (g) Feldsarenite hosting lithic grains composed of chlorite (Ch) and other angular to 
subangular heavy mineral clasts cemented by titanite (CN). (h) Magnetites under reflected light show 
trellis texture on the left hand side clast. Scale bars represent 500 um for all photographs. 
and large in size (< 3 mm), showing undulose extinction. Some muscovite flakes have 
been bent and fractured during the compaction of relatively uncemented material 
indicating that this sandstone was not cemented until relatively late in its diagenetic 
history (Dapples, 1979). The heavy mineral assemblage of the host rock is smaller in 
size than that of the lighter minerals and consists of a variable amount of well rounded 
zircons, epidotes, titanites and garnets. 
Black Sands 
According to the facies and the heavy mineral concentration the samples are 
divided in three groups. 
Flat bedded facies of the Haribes and Rosenhof Members (Group 1) - The 
sandstones in both members are typically fine to medium grained, moderately well 
sorted feldsarenites or lithic feldsarenites according to the classification of Folk et al. 
(1970). Monocrystalline, undeformed quartz is the most abundant type (70-80% of the 
quartz content) and less than 20% of the total quartz is polycrystalline, both types being 
generally well rounded. The monocrystalline quartz type is generally non-undulose or 
weakly undulose, clear and without inclusions. The polycrystalline type displays a 
polygonal fabric. The feldspars usually are well-rounded, and the content varies 
between 30 and 40% vol. of the entire rock. K-feldspar is more common than 
plagioclase (Fig. 5a). In some layers microcline and orthoclase dominate. The 
plagioclase and particularly the K-feldspar are altered to sericite. The grain size of the 
plagioclase is generally smaller (fine to medium sand) than that of quartz and K-
feldspars. Rock fragments are abundant (<10% of the entire rock) and mainly 
composed of siltstones and quartzites. Other lithoclasts, composed of chlorite, 
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Fig. 6. Selected heavy minerals microphotographs using SEM. (a) to (d) 3D pictures of dodecahedral 
almandine (150 gm in diameter). (e) Rounded allanite-epidote (90 gm in diameter). (f) Barite filling 
cracks in feldspar (70 gm in diameter). (g) Trellis texture in magnetite (120 gm in diameter). (h) 
Authigenic rutile (10 gm in diameter) surrounded by chlorite flakes next to an ilmenite grain. 
serpentinite with inclusions of opaque minerals, are extremely rare and are probably 
derived from metamorphic mafic rocks. The cement and matrix content is generally 
less than 5% vol. The matrix is entirely sericitic and probably a product of feldspar 
alteration. The cement is composed of quartz and in some cases of calcite patches. The 
silica-rich cement fills primary porosity in optical continuity with the surrounding 
clasts. The dust rims around the clasts evidence secondary quartz overgrowth. Chlorite 
and illite are authigenic, growing in radial rims around the clasts after the quartz 
cement in a later diagenetic stage (Dapples, 1979). Accessory minerals are heavy 
minerals, biotite and large muscovite flakes (<3 mm). The muscovites seem to be bent 
and fractured probably during compaction. The heavy mineral assemblage consists of 
variable amount of well rounded zircons, epidotes, titanites and garnets. 
Heavy Mineral Enriched Domains "Black Sands" (Group 3) - Heavy minerals 
in the black sands are well sorted and fine to medium grained, and occur as thin layers 
of centimetre scale (Figs. 5b-f). The different mineral species are either subrounded 
(e.g. zircons and monazite), euhedral (e.g. garnet and chromian spinel) or broken 
fragments (e.g. chromian spinel and epidote). Quartz, feldspar and lithoclasts are minor 
constituents and make up a total content of less than 15% of the whole rock. They 
occurred within the heavy mineral rich-layers, and are well rounded and medium 
grained. The heavy mineral layers are generally cemented by titanite (CaTiSiO5), which 
formed probably after dissolution of ilmenite and titanomagnetite (Figs. 8d and e). 
Titanite cement could also form via metasomatic introduction of CaO+Si02 from an 
external source or from plagioclase decomposition, and removal of FeQ from opaque 
minerals to form chlorite (Haggerty, 1991). The source of those CaO+Si02 fluids can 
be detrital titanites and garnets (see below), or silica and carbonate-rich rocks of the 
Nama Group. 
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Fig. 7. (a) to (e) are CL (cathodoluminescence) images of detrital zircons. (f) and (h) BSE zircon 
images. (g) Same zircon showed in (h), but under uncrossed nicols in light microscope. Grains 
are about 200 um in length. 
The presence of idiomorphic microcrystals of rutile growing on the opaque 
minerals suggest that remobilization of titanium oxide occurred during early diagenesis 
(Fig. 6h). Calcite veins occur crosscutting other cements. Altered feldspar clasts (both 
potassic and sodic) with barite (BaSO 4) are frequently seen along cleavage planes, as 
well as garnets with crack-filling barite (Fig. 6f). Barite cement is present lying along 
the lamination. 
The detrital transparent heavy minerals are dominated by almandine garnet 
(>25% of the total number of grains), less abundant zircon (5%), epidote-allanite (5%), 
titanite (5%) and rutile (5%). Apatite, serpentine, chromian spinel, kyanite, monazite, 
tourmaline, muscovite and biotite occur as accessory minerals. 
Titanomagnetite and ilmenite are often replaced by authigenic titanite, and 
lamellae of leucoxene and hematite exsolved from ilmenite are common. Well rounded 
detrital grains of titanite are commonly seen. 
Garnet is the most common detrital transparent heavy mineral and the grains are 
between 150 and 250 p.m in diameter. Angular fragments or grains displaying 
dodecahedral faces occur (Figs. 5c, 6a to d), and subrounded grains are rarely observed. 
Garnets are pink and brown and do not show rims and only rarely show inclusions. 
Zircons show several different shapes and internal zonings (Fig. 7). The zoned 
and elongated shapes result from continuous growth of very fine bands parallel to the 
crystal boundary, becoming denser near the periphery (Fig. 7d). Other grains are 
rounded and present as oval shapes of discontinuous growth indicating overgrowth or 
outgrowth (Fig. 6a). Bi-pyramidal grains are observed. Detrital micro zircons (<20 p.m) 
are present in the matrix of sandstones and as inclusions in detrital rutiles. In all the 
zircon types, apatite inclusions are very common. 
Chromian spinels occur as small rounded elongated grains of 60 p.m in length 
and 20 p.m in width, and they are nearly opaque in transmitted light. Large grains with 
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Fig 8. The methodology used to find chromian spinels in thin section using SEM, BSE images and 
EDS analyses is explained in this diagram. (a) SEM image of the target area (white circle shows the 
position of the chromian spinel grain). (b) Scan with EDS analysis adjusted to the Si element. The 
brighter colours are indicative of the mineral phases containing high Si concentrations, such as 
quartz grains and cement. Note the low Si content of the heavy minerals-rich layers. (c) The 
chromian spinel shows the white colour due to the Cr element scan mode. (d) and (e) shows titanite 
(Ti and Ca in brighter colours) is the mineral phase detected that is cementing the richest heavy 
mineral layers. 
angular shapes of 200 pm in diameter, isotropic and brown-red under light microscope 
were observed. The latter mentioned grains show high Cr2O3 concentrations according 
to EDS and electron microprobe results (Fig. 9). Grain margins commonly show 
conchoidal fractures, suggesting mechanical breakage. Grains are generally 
homogenous and show no obvious sign of zoning under SEM-BSE and EDS mode 
analyses. The methodology used to find chromian spinels in thin sections using EDS 
scan is explained in the Figure 8. 
Well-rounded detrital rutile displays brown to red colours, twins in two 
directions and some of them comprise zircon inclusions (Figs. 5d-f). 
Epidote commonly occur as well rounded, green grains (Fig. 5e). Some grains 
fractured by abrasion are seen as well. Other grains show allanite veins as being 
brighter under BSE because of their REE-rich content. However, pure allanite grains 
are also common (Fig. 6e). Grain diameters are between 100 and 200 ttm. 
Kyanite is easily identified in thin sections of the studied samples due to the 
square shape, cleavage and colours. 
Detrital chlorite is very common. A variety containing chromium occurs, 
showing violet interference colour. Chlorites are well rounded and have diameters 
between 100 and 200 pm. 
Detrital opaque minerals represent more than 35% of the total number of grains, 
and comprise magnetite, titanomagnetite, hematite and less abundant ilmenite (Figs. 5b 
and 6g). Magnetite containing chrome is also present. A variety of oxide textures were 
observed in opaque minerals, such as oxide-exolution lamellae, trellis and sandwich 
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types, but opaque minerals without any texture are also abundant (Fig. 6g). Magnetite 
is often partially replaced by hematite (martitization). The lack of hematite cement 
around the clasts suggests that martitization has occurred before the deposition. The 
magnetite hosted in the titanomagnetite is replaced by hematite whereas the ilmenite 
lamellae are replaced by leucoxene. Some grains show alternated bands of Ti- rich 
titanite and Ti-poor titanite with evidence of pre-depositional deformation. 
Fig. 9. Same grain detected using the methodology explained in Fig. 8. EDS semi-quantitative 
line scan showing the high chromium concentration are drawn. Microprobe analyses detected up 
to 63% of Cr2O3 (grain number 8, Table 2 of Appendix 3). 
Trough-crossbedded facies of the Haribes Member (Group 2) - Red sandstones 
of the Haribes Member show large trough-cross bedding (Fig. 4 of Chapter 2) and 
enrichment in heavy minerals. However, the heavy mineral concentrations are lower 
than that of black sands of the flat-bedded facies from the Haribes/Rosenhof Members. 
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The sandstones are fine to medium grained feldsarenites, poorly sorted and dominated 
by angular to subangular clasts. They show a fine lamination (Fig. 5g). The cement is 
less than 10% vol. and is composed mainly of hematite and quartz, titanite and 
clinochlore-illite in minor amounts. The mineral assemblage is composed of quartz (40-
60% vol.), plagioclase (albite 10% vol.), K-feldspar (microcline and orthoclase; 20% 
vol.), muscovite and heavy minerals. The quartz dominantly occur as monocrystalline 
grains (85% of total quartz) and polycrystalline quartz is frequent. Metamorphic 
lithoclasts are composed of quartzites and chlorite-serpentinite, while the sedimentary 
lithoclasts are represented by chert. Heavy minerals do not exceed 30% of the total 
mineral assemblage. The heavy minerals are dominated by garnet, epidote, titanite, 
zircon and similar opaque minerals as those found within the flat-bedded facies. 
Accessory minerals are kyanite, staurolite, chlorite, muscovite and tourmaline. The 
opaque minerals are totally altered to hematite causing the characteristic red colour of 
this facies. 
A5.2 ARROYO DEL SOLDADO GROUP 
A5.2.1 Yerbal Formation 
The sandstones of the Yerbal Formation typically are moderately to well sorted 
subfeldsarenites, feldsarenites and quartz-arenites, according to the classification 
scheme of Folk et al. (1970). The feldsarenites are medium to coarse-grained (Figs. 
10a-b). The subfeldsarenites and quartz-arenites are the dominant lithotypes and are 
very fine to medium grained. Monocrystalline well-rounded quartz is generally the 
most abundant quartz type (50% vol.) and clearly show undulose extinction and 
occasionally show polygonal fabric. The polycrystalline type is common, well rounded 
and represents less than 30% of the total quartz. Blue quartz grains showing a mesh of 
very thin, elongated rutile inclusions oriented in three directions are observed. Quartz-
arenites of the Tapes Grande locality (Figs. 2 and 3 of Chapter 5) are typically 
composed of a bimodal grain-size quartz composition which includes a medium sand 
and a very fine grained sand modes (Fig. 10c), and according to Gaucher (2000) are 
turbidites. The feldspar contents of the feldsarenites vary between 30 and 40% in vol. 
K-feldspar is more common than plagioclase (albite). In some layers, microcline is the 
dominant feldspar type but orthoclase is always present. Plagioclase and K-feldspar are 
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Fig. 10. Microphotographs under crossed nicols of siliciclastic rocks of the Arroyo del Soldado 
Group. Feldsarenite showing microcline grains (a) and (b) perthitic orthoclase of the Yerbal 
Formation. (c) Quartz-arenite characterized by sericite matrix of the Yerbal Formation. (d) Banded 
siltstone of the Yerbal Formation. Feldspathic litharenites of the Barriga Negra Formation: (e) 
Diagenetically modified feldspar and (f) polycrystalline quartz grain (PQ), (g) siltstone clast (Si) 
and (h) siltstone and chlorite (Ch) grains. Scale bars represent 300 µm for all photographs. 
often weakly altered to sericite and K-feldspar locally is more altered than plagioclase. 
Plagioclase is fine to medium grained while K-feldspar is coarse and quartz is very fine 
grained. Plagioclase and K-feldspar grains usually are well rounded. Rock fragments 
are not abundant (<5%) and are derived from sedimentary and metamorphic rocks. The 
sedimentary fragments are more abundant than the metamorphic ones (quartzites) and 
mainly consist of siltstones. The matrix, generally less than 5% vol., is composed of 
sericitic white mica and chlinochlore (according to XRD) and is cemented by 
secondary quartz overgrowth and hematite. Accessory minerals are composed of heavy 
minerals and detrital muscovite and biotite, constituting 1% vol. of the rock. Biotite and 
detrital muscovite are quite abundant and large (<3 mm), showing undulose extinction. 
Some muscovite flakes have been bent and fractured during the compaction of 
relatively uncemented material indicating that this sandstone was not cemented until 
relatively late in its diagenetic history (Dapples, 1979). The heavy mineral assemblage 
of the host rock is smaller than the lighter minerals and consists of variable amounts of 
well-rounded zircon, rutile, tourmaline and apatite in order of decreasing abundance. 
Often the rutile (or anatase) is not depositional in origin growing in thin aggregates 
with quartz. Banded siltstone is the most abundant lithotype of Yerbal Formation (Figs. 
3a of Chapter 5; Fig. 10d), and frequently lay intercalated with very fine-grained brown 
light quartz-arenites or subfeldsarenites. The clast compositions of the siltstones are 
dominated by monocrystalline quartz (polycrystalline is present) and microcline. The 
matrix (<30%) is composed of sericitic white mica as single crystals orientated parallel 
to the bedding plane. The hematite is often abundant, especially in the sandstones 
bands. 
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Fig. 11. Microphotographs under crossed nicols of siliciclastic rocks of the Arroyo del Soldado 
Group. Barriga Negra Formation: (a) Quartzitic clast in lithic feldsarenite. (b) Conglomerate 
shows the variety of clast composition dominated by quartzites (Qtz), limestone (Li) and 
siltstones (Si). (c) Feldsarenite showing patchy calcite cement. (d) Lithic feldsarenite showing 
quartzitic clasts and tourmaline (T). (e) The sandstones show lithic fragments of tremolite-
chlorite schists (TC). (0 Lithic feldsarenite show the high clast angulosity and detrital chlorite 
laths (sample 041107/9). (g) Organic-rich siltstone of Cerro Espuelitas Formation (h) Quartz-
arenite of the Cerros San Francisco Formation showing a polygonal grain fabric. Scale bars 
represent 300 um for all photographs, except to (b) which represent lmm 
A5.2.2 Barriga Negra Formation 
The unit begins with two fining- and thinning-upward cycles. Conglomerates 
and breccias with limestones, siltstones and sandstone clasts derived from the 
underlying Polanco and Yerbal Formations are characteristic (Gaucher, 2000). 
Conglomerates are clast-supported, reaching a maximum grain size of 30 cm. The 
matrix is composed of a carbonate-arenite. The cement is made up of sparitic calcite 
and hematite, and authigenic albite frequently occur (Fig. 11b). Up section, clast 
roundness increases and maximum grain-size decreases from 30 cm to 2 cm. Clast 
composition changes and a dominant clastic input from the metamorphic Archaean 
basement units is observed. Gneisses, quartzites, phyllites and ironstones occur as 
clasts in the upper cycles of the Barriga Negra Formation. 
Towards the top of the formation, feldsarenites, lithic feldsarenites and green 
siltstones are intercalated with conglomerates, increasing up section the thickness of the 
psamitic and pelitic strata. Feldsarenites, according to the classification scheme of Folk 
et al. (1970) are typically coarse grained and poorly sorted. Polycrystalline quartz is the 
most common quartz type (Fig 100 and is subangular. Monomineralic quartz is always 
undulose. Feldspar content exceeds 40% in vol. Microcline and orthoclase are the 
dominant feldspars. Albite in low amount is also present. The plagioclase and K-
feldspar are often altered to sericite (Fig. 10g), with K-feldspar being locally more 
altered than plagioclase. Grain size of plagioclase is generally smaller (medium sand) 
than that of quartz and K-feldspars. Plagioclase and K-feldspar grains are usually well 
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rounded. Rock fragments are relatively abundant (<10% vol.) in feldsarenites, and they 
are mainly derived from sedimentary and metamorphic rocks. The sedimentary 
fragments consist of siltstones and the metamorphic fragments of quartzite (Figs. 10g-
h). A few fragments of probably metavolcanic rocks are seen and are composed of 
chlorite with inclusions of opaque minerals. The purple colour of the detrital chlorite 
indicates high chromium contents, which was confirmed by the EDS analysis. The 
matrix is recrystallized to fine-grained white mica and chlorite flakes (<5%, according 
to XRD analysis illite and clinochlore), it is cemented by secondary quartz and calcite. 
Accessory minerals are composed of heavy minerals and detrital muscovite, which 
constitute 1% vol. of the rock. Biotite also occur, and detrital muscovite is quite 
abundant and large (>3 mm). The heavy mineral assemblage (<1% vol.) is smaller than 
the lighter minerals and consists of a variable amount of well rounded and euhedral 
zircons, tourmaline, rutile and apatite. 
Fig. 12. Bavlinella faveolata in siltsones of the Barriga Negra Formation (a) in colonies and 
(b) in single specimens as well. The specimens are 80 Am in diameter. 
Lithic feldsarenites (according to Folk et al., 1970) are less abundant than feldsarenites 
in the Barriga Negra Formation. Typically they are poorly sorted, fine grained and 
angular to subangular. K-feldspars are the commonest clast while plagioclase (albite) 
and monocrystalline quartz are frequent (Fig. 11c). The finer-grained sandstones show 
similar composition, but display mafic rock grains containing tremolite and chlorite 
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(Fig. 11e). Detrital laths of chlorite (chrome-rich chlorite and chamosite) are abundant, 
usually showing preferred alignment with its long axis parallel to So (Fig. 110. Chlorite 
is the most widespread clast and has high iron content (chamosite) and often types with 
purple colour occur (chromium rich). The matrix is less than 5% vol. and is composed 
of muscovite and chlorite. It is cemented by quartz, calcite and hematite. Tourmaline is 
the most common accessory mineral and commonly it shows 300 gm length and 
reaches 90% of the total transparent heavy minerals (Fig. 11d). 
Zircon (250 p.m long) appears in ehuedral and rounded shapes. Other accessory 
minerals are epidote and apatite. The siltstones are laminated and has a green colour. 
Clasts of plagioclase and quartz with grain sizes corresponding to very fine sand are 
present in minor amounts. According to XRD analyses, siltstones contain chlorite and 
glauconite while calcite and illite are cements (see Appendix 2). Typically, some layers 
are enriched in organic matter and in the contents of micro-fossil specimens. Bavlinella 
faveolata, described from the Barriga Negra Formation by Gaucher (2000), is observed 
as single specimens and colonies (Fig. 12). 
A5.2.3 Cerro Espuelitas Formation 
Mudrocks are the dominant siliciclastic lithology in this unit. They are always 
laminated and contain organic matter that gives the dark colour (Fig. 11g). Very fine 
quartz-arenites occur intercalated with the siltstones. Quartz and illite are the most 
important components of the sandstones. The Polanco Granite intrudes the sequence, 
causing contact metamorphism in the siltstones characterized by a paragenesis 
dominated by staurolite. The potassic metasomatism is evidently changing the normal 
alteration pattern in the CIA diagrams (see Chapter 5). Gaucher (2000) also described 
important packages of cherts and BIF (banded iron formation) for the Cerro Espuelitas 
Formation. 
A5.2.4 Cerros San Francisco Formation 
Using the classification scheme of Folk et al. (1970) sandstones of the Cerros 
San Francisco Formation are classified as mainly quartz-arenites and only one sample 
as a subfeldsarenite. The sand grains are well to very well sorted, well rounded, and 
medium to fine grained. This texturally supermature sandstone is also mineralogically 
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supermature, containing always more than 90% of detrital quartz (Fig. 11h). 
Monocrystalline, non-undulose quartz grains dominate the detrital composition, but 
polycrystalline is also frequent. Feldspar content never exceeds 5% vol. Orthoclase and 
microcline are the most common feldspar species and plagioclase is subordinate. 
Orthoclase is commonly perthitic, especially where the sandstone overlies the granitic 
basement. Matrix content is below 1% and composed of illite. Secondary quartz 
overgrowth is the dominant cement (less than 5% vol.) filling primary porosity in 
optical continuity with the surrounding clasts. Dust rims around the clasts and hematite 
cement were also observed. Higher degree of recrystallization is indicated by serrated 
sutures between adjacent quartz clasts as a consequence of strong pressure-solution 
resulting from burial diagenesis. A few detrital muscovites can be observed as flakes of 
about 100 gm in length. The heavy mineral content is scarce (less than 0.1%) and is 
dominated by tourmaline and rounded zircons, being 60-70 gm in diameter. 
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Table 2. Major (expressed in %) and trace (expressed in ppm) elements data for the Nama Group (Chapter 4). 
Kuibis Subgroup 
ID 'UCC K2 	 K5 	 K7 	 03-466 03-468 03-469 03-474 03-475 03-476 03-545 03-546 03-547 can 
Basin Witputs Zaris Witputs 
Outcrop 13 15 
Fm. Dabis Zaris Dabis 
Mb. Kanies Omkyk Kliphoek 
Lithology sa 	 sa sa f qa sla 
M 2.5 	 0 0.25 0.5 0.25 3.25 
Si02 66 77.86 78.89 91.2 85.69 	 82.02 64.42 93.09 	 95.24 62.78 92.06 92.40 86.12 83.48 
A1 203 15.2 5.90 	 6.51 2.29 5.07 	 6.47 14.43 1.65 	 1.05 17.00 2.95 1.67 3.56 5.71 
MgO 2.2 2.42 	 2.39 0.94 0.15 	 0.23 2.66 0.07 	 0.06 1.36 0.13 0.07 0.14 0.88 
TiO2 0.5 0.08 	 0.29 0.03 0.06 	 0.19 0.41 0.09 	 0.03 0.33 0.17 0.13 0.13 0.16 
Fe2O3T 4.5 1.28 	 2.02 0.91 0.56 	 1.06 5.41 0.35 	 0.39 3.54 0.54 1.36 0.72 1.51 
CaO 4.2 1.80 	 0.24 0.06 0.66 	 0.30 0.57 0.03 	 0.02 0.38 0.16 0.08 0.06 0.36 
Na20 3.9 0.70 	 0.91 0.67 0.84 	 1.16 1.05 0.51 	 0.34 0.45 0.33 0.34 1.06 0.70 
K20 3.4 2.24 	 2.54 0.56 2.91 	 3.28 2.93 1.12 	 0.78 6.17 1.13 1.00 1.54 2.18 
MnO 0.06 0.022 0.001 0.00 0.002 	 0.000 0.009 0.001 	 0.003 0.003 0.003 0.003 0.004 0.001 
P205 0.17 0.035 0.067 0.00 0.004 	 0.025 0.073 0.003 	 0.003 0.006 0.005 0.001 0.011 0.019 
LOI 5.3 	 6.2 3.2 4.1 	 4.2 6.8 4.1 	 2.3 5.8 1.9 2.3 4.7 4.2 
Sum 97.6 	 100.1 99.9 100.0 	 98.9 98.8 101.0 	 100.2 97.8 99.4 99.3 98.0 99.3 
CIA 58 52 71 68 50 60 
Ba 550 190 	 190 151 530 	 630 690 210 	 140 780 150 170 220 338 
Nb 12 9.1 	 9.2 9.3 6.9 	 9.4 10.7 6.9 	 4.6 17.3 10.7 8.7 9.3 9.3 
Pb 17 17 	 21 22 17 	 18 20 12 	 10 30 14 14 15 17 
Rb 112 45 	 37 34 120 	 120 120 49 	 35 310 58 43 78 87 
Sr 350 49 	 50 46 31 	 29 30 12 	 9 62 47 227 44 53 
Y 22 20 	 23 26 21 	 31 38 8 	 8 27 20 20 26 22 
Zr 190 136 	 170 210 145 	 513 595 123 	 75 203 352 255 296 256 
Co 17 5 	 5 5 2 	 3 2 3 	 2 2 1 1 1 3 
Zn 71 47 	 52 45 15 	 21 22 21 	 22 49 13 10 11 27 
Ni 44 8 	 9 9 4 	 5 4 3 	 3 10 3 5 4 5 
V 107 26 	 25 23 16 	 25 28 18 	 16 92 24 19 22 28 
Cs 4.6 4.0 	 6.0 1.0 3.0 	 3.0 3.0 1.0 	 1.0 18.0 2.0 1.0 2.0 3.6 
Th 10.7 5.1 	 15.0 2.2 3.8 	 6.8 7.5 2.9 	 2.9 15.0 7.9 5.1 7.1 6.8 
Sc 13.6 4.6 	 4.1 1.5 1.8 	 2.5 2.9 1.2 	 0.8 13.7 3.4 2.3 4.7 3.6 
U 2.8 1.2 	 3.2 0.6 1.2 	 2.1 2.7 1.2 	 0.8 4.5 1.8 1.9 1.6 1.9 
Ta 1 0.5 	 0.9 0.5 0.6 	 0.6 0.9 0.5 	 0.5 1.1 1.0 0.5 0.7 0.4 
Hf 5.8 4 	 33 1 5 	 18 22 3 	 2 7 10 7 9 10 
La 30 16.0 	 32.0 5.7 14.0 	 16.0 19.0 5.8 	 7.4 44.0 16.0 11.0 16.0 16.9 
Ce 64 28.0 	 67.0 10.0 36.0 	 43.0 50.0 15.0 	 18.0 89.0 37.0 24.0 35.0 37.7 
Nd 26 13.0 	 30.0 5.0 14.0 	 15.0 19.0 5.0 	 6.0 21.0 14.0 8.0 12.0 13.5 
Sm 4.5 3.4 	 6.7 1.0 3.1 	 4.3 5.1 0.9 	 1.1 5.5 3.6 2.6 4.8 3.5 
Eu 0.88 0.7 	 0.8 0.3 0.5 	 0.7 0.9 0.1 	 0.1 1.0 0.6 0.5 0.8 0.6 
Tb 0.6 0.4 	 0.8 0.3 0.6 	 1.0 1.0 0.2 	 0.2 0.6 0.6 0.7 0.9 0.6 
Yb 2.2 1.6 	 2.8 0.7 2.4 	 4.5 5.5 0.9 	 0.8 3.0 2.7 2.3 2.7 2.5 
Lu 0.32 0.3 	 0.5 0.1 0.4 	 0.7 0.9 0.2 	 0.1 0.5 0.4 0.4 0.4 0.4 
Eu/Eu* 0.63 0.66 	 0.38 0.75 0.46 	 0.44 0.51 0.31 	 0.27 0.59 0.50 0.50 0.48 0.49 
LaN/YbN 9.3 6.76 	 7.72 5.50 3.94 	 2.40 2.33 4.35 	 6.25 9.91 4.00 3.23 4.00 4.59 
Th/Sc 0.79 1.11 	 3.66 1.47 2.11 	 2.72 2.59 2.42 	 3.63 1.09 2.32 2.22 1.51 1.87 
Zr/Sc 14 29.6 	 41.4 139. 80.8 	 205.0 205.2 102.7 	 93.8 14.8 103.6 110.7 62.9 70.6 
La/Th 2.8 3.14 	 2.13 2.59 3.68 	 2.35 2.53 2.00 	 2.55 2.93 2.03 2.16 2.25 2.50 
ThfU 3.8 4.25 	 4.69 3.67 3.17 	 3.24 2.78 2.42 	 3.63 3.33 4.39 2.68 4.44 3.57 
La/Sc 2.2 3.48 	 7.80 3.80 7.78 	 6.40 6.55 4.83 	 9.25 3.21 4.71 4.78 3.40 4.66 
Ti/Zr 12.9 3.6 	 10.2 0.7 2.6 	 2.3 4.1 4.5 	 2.6 9.6 2.9 3.1 2.7 3.8 
Nb/Y 0.55 0.46 	 0.40 0.36 0.33 	 0.30 0.28 0.83 	 0.61 0.64 0.55 0.45 0.36 0.42 
Ce/Ce* 1.07 0.90 	 1.02 0.88 1.23 	 1.31 1.26 1.30 	 1.25 1.24 1.16 1.16 1.15 1.15 
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Table 2. Continued 
Kuibis Subgroup 
ID 	 SD 	 03-477 	 03-479 03-470 03-47103-497 03-49803-49903-50003-501 03-502UR-10 UR-1 Mean 
Basin Witputs Zaris 
Outcrop 16 14 po 121 
Fm. Dabis Zaris 
Mb. Hoogland Kanies [Omkyk [Urikos 
Lithology 
M 
m 	 m 	 m m m 	 m m m m 	 m 	 m 	 m 
10.88 58.37 59.30 72.18 53.04 67.06 63.19 62.29 66.05 71.20 49.19 60.16 61.21 61.94 
A1,01 5.08 19.01 14.24 13.67 24.79 12.88 15.51 14.50 14.57 9.95 7.42 17.96 16.92 15.12 
MEO 1.05 1.69 2.58 0.66 1.93 1.80 2.34 1.72 2.26 1.46 0.92 2.33 2.27 1.83 
TiO, 0.12 0.41 0.38 0.14 0.52 0.36 0.40 0.59 0.33 0.25 0.16 0.38 0.33 0.35 
FeiO,T 1.52 4.91 4.46 0.39 1.79 4.57 5.59 6.09 4.88 4.90 3.27 5.94 5.83 4.38 
CaO 0.50 0.55 4.29 0.27 0.26 1.18 0.55 0.57 0.19 1.41 20.44 0.32 0.32 2.53 
Na,O 0.30 0.35 1.12 0.56 0.44 1.11 0.92 0.79 1.67 1.54 1.59 0.72 0.76 0.96 
1(70 1.56 5.54 3.51 5.80 8.94 2.91 3.64 2.76 2.63 1.20 1.12 3.48 3.28 3.73 
MnO 0.007 0.004 0.010 0.007 0.001 0.009 0.004 0.011 0.004 0.023 0.229 0.020 0.022 0.027 
13,0, 0.027 0.020 0.118 0.009 0.017 0.088 0.072 0.076 0.061 0.041 0.032 0.074 0.067 0.056 
LOI 1.6 7.9 8.3 4.9 6.9 7.8 4.8 7.7 4.9 6.3 14.3 6.8 7.6 7.4 
Sum 1.1 98.8 98.3 98.6 98.6 99.7 97.0 97.1 97.5 98.3 98.7 98.2 98.6 98.3 
CIA 9 72 64 70 64 71 73 71 61 76 76 70 
Ba 244 400 400 820 830 300 400 280 360 190 150 350 290 398 
Nb 3.0 18.2 16.2 11.7 27.1 15.9 16.8 16.7 16.3 13.0 10.1 16.8 16.5 16.3 
Pb 5 17 10 20 19 8 7 9 9 51 24 26 25 19 
Rb 78 320 190 210 470 140 190 150 130 70 49 170 160 187 
Sr 57 53 133 116 123 162 75 91 113 82 594 48 59 137 
Y 9 32 31 15 57 33 34 27 27 27 31 38 37 32 
Zr 160 147 246 202 377 256 196 246 177 176 133 158 158 206 
Co 2 6 15 1 2 14 19 15 15 11 7 16 15 11 
Zn 16 94 93 32 53 85 120 120 120 110 74 120 110 94 
Ni 3 13 16 3 6 15 19 17 16 15 11 19 20 14 
V 21 85 67 31 114 59 69 66 65 45 28 83 88 67 
Cs 4.7 41.0 19.0 4.0 22.0 10.0 12.0 10.0 8.0 4.0 4.0 7.0 8.0 12.4 
Th 4.3 16.0 15.0 7.3 31.4 14.0 14.0 15.0 12.0 8.8 6.5 15.0 14.0 14.1 
Sc 3.4 18.8 13.9 6.5 27.3 12.3 15.9 13.9 13.0 10.4 10.0 18.6 17.7 14.9 
U 1.1 3.7 3.4 2.5 7.8 2.6 3.1 3.6 2.9 2.2 2.0 3.2 3.2 3.4 
Ta 0.6 1.2 1.1 0.5 2.7 1.4 1.1 1.3 1.6 1.0 0.7 1.1 1.5 1.3 
Hf 10 5 9 6 13 8 7 9 6 6 4 5 5 7 
La 11.1 48.0 35.0 33.0 65.0 32.0 43.0 39.0 32.0 23.0 23.0 43.0 40.0 38.0 
Ce 22.6 95.0 74.0 72.0 140.0 72.0 95.0 83.0 66.0 51.0 51.0 88.0 83.0 80.8 
Nd 7.4 27.0 23.0 24.0 44.0 27.0 29.0 24.0 22.0 23.0 24.0 35.0 31.0 27.8 
Sm 1.9 6.6 6.8 5.1 11.3 7.1 7.9 7.0 5.4 5.6 5.9 8.3 7.5 7.0 
Eu 0.3 1.3 1.1 0.7 1.9 1.2 1.3 1.2 0.9 1.0 1.1 1.6 1.5 1.2 
Tb 0.3 0.6 0.7 0.5 1.5 1.1 1.3 1.3 0.7 0.9 1.0 1.2 1.1 1.0 
Yb 1.4 3.2 3.0 2.0 6.8 3.6 3.4 3.1 2.7 2.5 2.6 3.5 3.2 3.3 
Lu 0.2 0.5 0.5 0.3 1.0 0.5 0.5 0.5 0.4 0.4 0.4 0.5 0.5 0.5 
Eu/Eu* 0.14 0.66 0.53 0.46 0.53 0.51 0.49 0.50 0.53 0.54 0.56 0.60 0.62 0.54 
LaN/YbN 2.27 10.14 7.88 11.15 6.46 6.01 8.55 8.50 8.01 6.22 5.98 8.30 8.45 7.97 
Th/Sc 0.86 0.85 1.08 1.12 1.15 1.14 0.88 1.08 0.92 0.85 0.65 0.81 0.79 0.94 
Zr/Sc 61.2 7.8 17.7 31.0 13.8 20.8 12.3 17.7 13.6 16.9 13.3 8.5 8.9 15.2 
La/Th 0.51 3.00 2.33 4.52 2.07 2.29 3.07 2.60 2.67 2.61 3.54 2.87 2.86 2.87 
Th/U 0.75 4.32 4.41 2.92 4.03 5.38 4.52 4.17 4.14 4.00 3.25 4.69 4.38 4.18 
La/Sc 2.02 2.55 2.52 5.08 2.38 2.60 2.70 2.81 2.46 2.21 2.30 2.31 2.26 2.56 
Ti/Zr 2.9 16.5 9.2 4.2 8.2 8.3 12.2 14.4 11.2 8.5 7.3 14.4 12.7 10.3 
Nb/Y 0.16 0.58 0.53 0.76 0.48 0.48 0.49 0.62 0.60 0.48 0.32 0.44 0.44 0.50 
Ce/Ce* 0.15 1.15 1.16 1.16 1.17 1.14 1.20 1.20 1.12 1.06 1.05 1.05 1.08 1.13 
K/Cs 2228 1122 1532 12034 3374 2415 2519 2292 2727 2484 2324 4129 3402 2496 
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Table 2. Continued 
Schwarzrand Sub rou 
ID 	 SD nom-32 nom-1 nom-2 nom-3 nom-4 03-517 03-518 03-519g 03-521 03-510 03-511 03-512 03-513 
Basin Wtputs Zaris 
Outcrop 32 24 23 
Fm. Nomtsas Vergesig Nomtsas 
Mb. Niep/Kreyriver Niep/Kreyriver 
Lithology 
M 
m 	 m m m m la 	 la 
2.25 	 1.25 
sla 
1.75 
fla 
1.25 
SiO2 6.46 34.62 49.04 52.32 48.93 48.98 75.15 67.37 69.87 73.81 90.41 56.78 70.01 69.80 
A1 203 4.23 12.78 7.77 8.34 8.45 7.52 9.75 12.08 13.99 9.86 3.00 6.70 13.18 13.17 
MgO 0.56 0.50 1.05 1.20 1.17 1.02 1.33 1.75 1.61 1.95 0.32 1.10 1.90 2.01 
TiO2 0.12 0.28 0.18 0.21 0.19 0.17 0.27 0.28 0.50 0.25 0.12 0.28 0.35 0.35 
Fe2O3T 1.67 30.53 2.05 2.63 2.43 2.05 3.82 3.45 4.57 4.09 0.77 2.77 4.59 5.06 
CaO 5.51 0.42 20.60 17.42 19.78 21.09 0.50 0.37 0.37 0.33 0.13 16.76 0.43 0.48 
Na2O 0.43 0.45 1.54 1.44 1.57 1.48 2.10 2.28 1.12 1.33 1.44 1.72 2.38 2.45 
K2O 2.06 3.46 1.50 1.60 1.56 1.47 1.74 2.15 2.29 2.02 2.41 1.16 2.23 2.18 
MnO 0.061 0.003 0.523 0.507 0.520 0.677 0.054 0.039 0.064 0.036 0.010 0.493 0.058 0.067 
P2O 5  0.031 0.035 0.068 0.076 0.063 0.063 0.089 0.086 0.128 0.112 0.032 0.117 0.136 0.104 
LOI 2.4 14.2 13.3 12.5 14.1 15.2 3.8 7.2 4.2 5.1 1.2 9.8 2.8 3.1 
Sum 0.7 97.3 97.6 98.2 98.7 99.7 98.6 97.1 98.7 98.9 99.8 97.7 98.1 98.8 
CIA 5 61 64 74 67 65 64 
Ba 206 240 270 400 400 430 277 303 317 408 620 522 364 372 
Nb 4.0 10.5 11.5 13.2 11.5 11.4 14.5 14.8 13.1 12.9 6.9 6.9 16.8 16.8 
Pb 12 33 14 23 13 13 24 22 97 156 37 38 21 23 
Rb 108 210 69 73 65 51 88 107 91 95 86 97 109 106 
Sr 142 121 249 281 312 325 60 59 37 39 58 37 67 71 
Y 9 18 43 69 41 43 37 29 25 25 9 11 39 44 
Zr 65 54 124 138 125 115 202 120 185 163 71 66 167 188 
Co 6 2 9 10 9 8 13 16 12 16 1 1 17 19 
Zn 28 11 59 72 74 42 74 96 92 96 9 12 95 100 
Ni 5 80 9 10 10 9 15 18 16 20 3 4 20 22 
V 23 126 28 33 29 27 56 61 67 92 15 16 73 72 
Cs 10.2 10.0 6.0 7.0 7.0 6.0 4.0 6.0 4.0 5.0 1.0 2.0 6.0 5.0 
Th 6.1 15.0 7.3 8.3 7.4 6.7 10.0 9.4 9.1 9.1 3.2 2.9 12.0 12.0 
Sc 5.2 15.1 7.5 8.4 8.1 7.1 9.3 10.4 9.1 10.0 1.4 1.3 11.5 11.5 
U 1.4 7.6 2.0 2.2 2.2 2.3 1.8 2.0 2.1 1.9 0.8 0.8 2.4 2.3 
Ta 0.5 1.5 1.0 1.0 0.5 0.5 1.3 1.4 1.1 0.8 0.6 0.5 1.5 1.6 
Hf 2 3 4 5 4 4 7 3 6 5 2 2 5 6 
La 11.0 32.0 24.0 29.0 25.0 23.0 39.0 31.0 44.0 28.0 10.0 11.0 50.3 40.0 
Ce 22.7 47.0 51.0 59.0 51.0 49.0 73.0 46.0 76.0 59.0 22.0 21.0 86.0 97.0 
Nd 6.1 23.0 19.0 25.0 21.0 20.0 34.0 23.0 31.0 24.0 9.0 13.0 36.0 30.0 
Sm 1.6 5.3 5.3 7.9 5.6 5.1 7.7 6.2 7.1 6.3 2.0 2.4 8.7 8.0 
Eu 0.3 1.0 1.1 1.8 1.4 1.2 1.7 1.4 1.4 1.1 0.4 0.5 1.6 1.6 
Tb 0.3 0.5 1.1 1.7 1.1 0.7 1.3 0.9 0.9 0.8 0.3 0.3 1.0 1.3 
Yb 1.1 2.1 3.2 5.5 3.3 3.2 3.1 2.5 2.5 2.4 0.9 0.9 3.4 3.4 
Lu 0.2 0.3 0.5 0.8 0.5 0.5 0.4 0.3 0.4 0.3 0.1 0.1 0.4 0.5 
Eu/Eu* 0.05 0.63 0.58 0.64 0.72 0.74 0.66 0.70 0.63 0.56 0.61 0.66 0.60 0.60 
LaN/YbN 1.55 10.30 5.07 3.56 5.12 4.86 8.50 8.38 11.89 7.88 7.51 8.26 10.00 7.95 
Th/Sc 0.16 0.99 0.97 0.99 0.91 0.94 1.08 0.90 1.00 0.91 2.29 2.23 1.04 1.04 
Zr/Sc 6.1 3.5 16.6 16.4 15.4 16.2 21.7 11.6 20.3 16.3 50.7 50.7 14.5 16.3 
La/Th 0.62 2.13 3.29 3.49 3.38 3.43 3.90 3.30 4.84 3.08 3.13 3.79 4.19 3.33 
Th/U 0.61 1.97 3.65 3.77 3.36 2.91 5.56 4.70 4.33 4.79 4.00 3.63 5.00 5.22 
La/Sc 0.74 2.12 3.20 3.45 3.09 3.24 4.19 2.98 4.84 2.80 7.14 8.46 4.37 3.48 
Ti/Zr 3.4 31.0 8.4 9.1 8.9 8.8 8.1 14.0 16.2 9.2 9.8 25.3 12.6 11.2 
Nb/Y 0.11 0.58 0.27 0.19 0.28 0.27 0.40 0.50 0.53 0.52 0.76 0.63 0.43 0.39 
Ce/Ce* 1 .20 .7 1.10 1.02 1.03 1.07 0.94 0.78 0.93 1.06 1.09 0.86 0.91 1.28 
K/Cs  1682 2873 2079 189 1855 2031 3601 2969 4750 3354 20022 4827 3084 3614 
278 
Table 2. Continued 
Schwarzrand Subgroup 
ID 03-514 03-515 Means SD 	 03-551 03-553 03-554 03-555 03-556 03-557103-530 03-536 03-491 03-494 
Basin Zaris Witputs Zaris 
Outcrop 23 33 129 19 
Fm. Nomtsas Urusis 
Mb. Niep/Kreyriver Spitskop 1Nasep 
Lithology If 	 if if 	 fl fl If If sf sf 
M 3.25 	 2.25 3.5 	 2.25 0 3.25 3.25 3.1 2.75 
67.19 	 73.40 	 63.18 14.27 41.31 	 66.98 74.26 66.35 69.60 70.80 79.22 87.55 	 75.29 75.63 
14.36 	 11.43 	 10.16 3.22 	 12.75 	 14.23 14.23 8.24 8.39 7.25 5.24 5.47 	 7.16 7.30 
MeO 1.72 	 1.66 	 1.35 0.51 	 0.98 	 1.14 0.34 1.37 1.42 1.29 0.80 0.27 	 1.13 1.08 
TiO, 0.51 	 0.30 	 0.28 0.11 	 0.66 	 1.02 0.21 0.29 0.31 0.25 0.13 0.13 	 1.00 0.81 
Fe,OiT 4.63 	 3.75 	 5.15 7.12 	 2.44 	 4.28 2.54 2.93 3.90 2.91 2.09 1.54 	 4.75 5.13 
CaO 0.77 	 0.62 	 6.67 9.18 	 20.58 	 0.58 0.94 8.57 6.10 6.47 2.58 0.20 	 0.91 0.42 
Na,O 2.03 	 2.15 	 1.70 0.54 	 1.00 	 0.73 0.25 1.49 1.90 1.53 1.11 0.66 	 1.23 1.54 
2.13 	 1.67 	 1.97 0.55 	 1.26 	 2.93 5.02 1.36 1.39 1.09 0.83 1.62 	 0.69 0.70 
MnO 0.104 	 0.061 	 0.214 0.246 0.776 	 0.041 0.010 0.228 0.182 0.155 0.031 0.015 	 0.058 0.068 
13,0a 0.149 	 0.100 	 0.091 0.035 0.136 	 0.240 0.067 0.128 0.129 0.106 0.043 0.037 	 0.184 0.156 
LOI 4.5 	 4.6 	 7.7 4.9 	 16.3 	 5.3 1.8 8.3 5.2 9.4 7.3 2.3 	 5.9 6.3 
Sum 98.1 	 99.7 	 98.5 0.9 	 98.2 	 97.5 99.7 99.2 98.5 101.2 99.4 99.8 	 98.3 99.1 
CIA 67 	 64 	 66 4 	 72 65 63 	 62 64 
Ba 513 	 350 	 386 104 	 179 	 299 669 269 348 210 150 336 	 275 293 
Nb 15.1 	 14.9 	 12.7 3.0 	 12.9 	 22.7 9.7 14.2 44.0 12.3 9.5 6.1 	 27.6 25.5 
Pb 21 	 26 	 37 39 	 15 	 27 30 20 39 19 25 11 	 20 23 
Rb 85 	 87 	 95 36 	 44 	 105 241 58 47 49 52 52 	 38 40 
Sr 75 	 76 	 124 107 
	 521 	 38 45 326 39 339 92 55 	 82 58 
Y 32 	 30 	 33 15 	 71 	 30 12 63 19 42 17 10 	 46 38 
Zr 270 	 224 	 147 61 	 257 	 1249 126 259 1064 259 130 83 	 1126 1078 
Co 15 	 14 	 11 6 	 11 	 11 3 14 7 12 5 2 	 11 12 
Zn 90 	 84 	 67 33 	 41 	 65 116 60 41 60 69 18 	 49 51 
Ni 17 	 17 	 18 18 	 12 	 15 8 16 11 14 9 5 	 19 19 
V 62 	 60 	 54 31 	 34 	 79 21 45 96 38 32 19 	 123 120 
Cs 4.0 	 4.0 	 5.1 2.2 	 2.0 	 2.0 4.0 2.0 3.0 2.0 2.0 1.0 	 2.0 1.0 
Th 12.0 	 11.0 	 9.0 3.3 	 11.0 	 5.2 13.0 12.0 12.0 11.0 5.4 3.1 	 39.8 37.2 
Sc 10.0 	 10.0 	 8.7 3.6 	 7.3 	 2.8 3.0 10.0 9.0 7.2 4.0 1.7 	 11.2 10.6 
U 2.2 	 2.4 	 2.3 1.5 	 2.5 	 1.2 4.0 2.7 2.1 2.2 1.5 0.8 	 9.3 7.9 
Ta 1.0 	 1.2 	 0.9 0.7 	 1.0 	 0.5 0.6 0.9 1.5 1.0 0.5 0.5 	 2.4 2.6 
Hf 9 	 7 	 5 2 	 10 	 3 5 10 9 9 4 2 	 47 44 
La 37.0 	 26.0 	 30.0 11.1 	 31.0 	 11.0 24.0 34.0 29.0 24.0 16.0 12.0 	 99.5 88.4 
Ce 72.0 	 68.0 	 58.5 21.1 	 67.0 	 25.0 46.0 76.0 64.0 53.0 32.0 24.0 	 190.0 180.0 
Nd 31.0 	 23.0 	 24.1 7.5 	 32.0 	 15.0 19.0 37.0 31.0 28.0 16.0 11.0 	 69.0 66.0 
Sm 7.4 	 6.2 	 6.1 1.9 	 9.1 	 3.6 4.2 10.0 8.7 7.2 3.4 2.4 	 16.7 15.4 
Eu 1.3 	 1.3 	 1.3 0.4 	 1.9 	 0.6 0.7 2.2 1.9 1.6 0.7 0.5 	 2.6 2.4 
Tb 1.1 	 0.9 	 0.9 0.4 	 1.7 	 0.4 0.6 1.7 1.5 1.1 0.4 0.3 	 2.1 1.7 
Yb 3.0 	 2.9 	 2.8 1.1 	 5.4 	 1.2 1.1 5.7 4.7 3.6 1.4 1.0 	 7.4 6.8 
Lu 0.4 	 0.5 	 0.4 0.2 	 0.8 	 0.2 0.2 0.9 0.7 0.6 0.2 0.1 	 1.2 1.1 
Eu/Eu* 0.54 	 0.65 	 0.63 0.06 	 0.61 	 0.54 0.52 0.65 0.65 0.68 0.66 0.66 	 0.50 0.51 
Lav/Ybm 8.33 	 6.06 	 7.58 2.28 	 3.88 	 6.19 14.74 4.03 4.17 4.50 7.72 8.11 	 9.09 8.78 
Th/Sc 1.20 	 1.10 	 1.17 0.45 	 1.51 	 1.86 4.33 1.20 1.33 1.53 1.35 1.82 	 3.55 3.51 
Zr/Sc 27.0 	 22.4 	 21.3 13.0 	 35.3 	 445.9 42.0 25.9 118.2 36.0 32.5 49.0 	 100.5 101.7 
La/Th 3.08 	 2.36 	 3.38 0.66 	 2.82 	 2.12 1.85 2.83 2.42 2.18 2.96 3.87 	 2.50 2.38 
Th/U 5.45 	 4.58 	 4.20 1.00 	 4.40 	 4.33 3.25 4.44 5.71 5.00 3.60 3.88 	 4.28 4.71 
La/Sc 3.70 	 2.60 	 3.98 1.72 	 4.25 	 3.93 8.00 3.40 3.22 3.33 4.00 7.06 	 8.88 8.34 
Ti/Zr 11.4 	 8.1 	 12.8 6.7 	 15.3 	 4.9 10.0 6.7 1.8 5.7 6.0 9.3 	 5.3 4.5 
Nb/Y 0.47 	 0.50 	 0.45 0.15 	 0.18 	 0.75 0.78 0.23 2.33 0.29 0.57 0.60 	 0.61 0.67 
Ce/Ce* 0.99 	 1.30 	 1.00 0.15 	 1.02 	 0.98 0.99 1.04 1.03 1.00 0.96 0.98 	 1.03 1.07 
K/Cs 4424 	 3464 	 3187 4451 5225 	 12169 10409 5628 3854 4520 3453 13473 2851 5777 
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Table 2. Continued 
Fish River Subgroup 
ID 	 03- 	 103- 	 03-48303-485MeansSD 03- 	 03-38003- 03-43413-43903-44003-44103-442 
Basin 	 Zaris Witputs Zaris 
[Outcrolp 	 19 17 2 6 8 
Fm. 	 Urusis Nudaus Nababis Gross Aub Stockdale 
Mb. Niederhagen Haribes Rosenhof Wasserfall 
Lithology 
M 
sf 	 qa 
3.25 	 2.25 
f 
1.5 
f 
3.25 
If 	 If 
3.5 	 3 
SiO2 75.70 84.17 85.53 89.67 72.76 12.1072.89 73.43 72.36 68.27 73.07 78.44 76.64 75.30 
A1 203 6.64 5.13 4.62 4.31 9.15 3.41 10.92 10.81 10.15 12.38 13.30 7.69 12.56 12.76 
MgO 1.10 0.42 0.49 0.92 1.18 0.39 0.90 0.89 1.31 1.78 0.87 0.95 0.92 0.99 
TiO2 0.64 0.11 0.12 0.06 0.37 0.34 0.27 0.26 0.28 0.42 0.43 0.31 0.49 0.48 
Fe2O3T 4.50 1.61 2.15 1.34 3.39 1.28 2.97 3.03 3.05 4.22 3.19 2.81 3.46 3.38 
CaO 1.97 0.08 0.11 0.13 3.08 5.63 0.79 0.75 1.20 0.53 0.76 0.25 0.34 0.30 
Na2O 1.55 1.46 1.29 0.79 1.49 0.45 1.44 1.41 1.77 2.28 1.79 1.70 1.80 1.91 
K2O 0.88 0.56 0.45 0.80 1.66 1.21 3.17 3.17 2.20 2.70 1.43 1.38 1.57 1.72 
MnO 0.079 0.045 0.014 0.007 0.116 0.2000.020 0.018 0.028 0.020 0.109 0.031 0.140 0.073 
P2O5  0.136 0.004 0.013 0.022 0.102 0.0710.126 0.117 0.125 0.161 0.117 0.119 0.165 0.134 
LOI 5.4 4.7 4.9 2.7 5.6 3.6 4.5 5.1 6.0 6.5 3.8 5.3 1.5 1.2 
Sum 98.6 98.3 99.7 100.7 98.9 1.0 98.0 99.0 98.5 99.3 98.9 99.0 99.6 98.3 
CIA 48 62 62 64 63 6 60 60 58 62 69 62 70 70 
Ba 221 421 450 164 349 138 579 591 342 388 336 569 396 335 
Nb 20.3 7.4 14.8 4.7 15.0 10.6 14.7 14.9 16.9 19.8 13.4 17.0 13.6 13.2 
Pb 20 16 19 18 32 7 27 27 21 19 18 24 22 18 
Rb 43 85 107 30 81 55 127 127 107 121 65 75 69 75 
Sr 133 48 26 16 101 153 95 90 52 50 29 42 31 31 
Y 30 17 11 7 29 20 41 40 40 31 28 17 16 17 
Zr 641 134 853 63 365 455 316 326 321 437 272 591 381 271 
Co 10 3 6 2 10 4 10 9 11 14 8 11 10 9 
Zn 52 26 39 17 61 25 54 49 63 93 59 59 58 57 
Ni 15 6 9 5 13 5 13 13 13 17 11 13 13 12 
V 81 19 34 12 55 38 42 45 55 75 43 54 52 51 
Cs 1.0 1.0 1.0 1.0 2.7 1.3 3.0 3.0 4.0 5.0 3.0 3.0 3.0 3.0 
Th 23.4 4.0 4.4 4.6 9.4 12.0 12.0 12.0 14.0 19.0 9.0 15.0 10.0 9.4 
Sc 8.2 4.2 3.9 3.8 5.2 3.2 7.8 7.8 9.2 12.3 6.5 7.3 6.6 6.8 
U 4.9 1.6 1.4 1.3 2.1 2.6 2.1 2.3 3.2 4.1 2.2 4.4 2.6 2.2 
Ta 1.5 0.5 0.9 0.6 0.7 1.0 0.9 1.5 1.1 1.9 1.5 2.0 1.3 1.3 
Hf 26 4 5 7 8 15 11 11 11 16 9 20 12 9 
La 59.5 15.0 17.0 15.0 31.7 28.4 38.0 37.0 50.0 54.8 28.0 42.0 34.0 30.0 
Ce 110.0 27.0 36.0 31.0 58.4 54.9 72.0 74.0 85.0 100.0 48.0 75.0 58.0 55.0 
Nd 47.0 14.0 15.0 15.0 26.4 19.2 34.0 34.0 39.0 42.0 19.0 29.0 26.0 23.0 
Sm 10.1 3.4 4.1 4.0 5.9 4.6 9.0 9.0 10.0 10.0 5.3 7.3 5.7 5.4 
Eu 1.9 0.9 1.0 1.0 1.0 0.7 1.7 1.7 1.6 1.7 1.1 1.2 1.0 0.9 
Tb 1.3 0.6 0.9 1.1 0.7 0.6 1.4 1.4 1.1 1.0 0.9 0.8 0.7 0.6 
Yb 4.5 1.6 1.9 2.2 2.3 2.3 3.8 3.8 3.9 4.1 2.8 2.8 2.2 2.1 
Lu 0.7 0.3 0.3 0.3 0.3 0.4 0.5 0.5 0.6 0.6 0.4 0.5 0.3 0.3 
Eu/Eu* 0.60 0.78 0.68 0.64 0.56 0.08 0.57 0.57 0.52 0.56 0.62 0.54 0.56 0.54 
La./Yb. 8.93 6.34 6.05 4.61 9.37 2.95 6.76 6.58 8.66 9.03 6.76 10.14 10.44 9.65 
Th/Sc 2.85 0.95 1.13 1.21 1.82 1.09 1.54 1.54 1.52 1.54 1.38 2.05 1.52 1.38 
Zr/Sc 78.2 32.0 218.7 16.6 70.2 114.440.6 41.7 34.8 35.5 41.8 81.0 57.7 39.9 
La/Th 2.54 3.75 3.86 3.26 3.36 0.66 3.17 3.08 3.57 2.88 3.11 2.80 3.40 3.19 
Th/U 4.78 2.50 3.14 3.54 4.58 0.85 5.71 5.22 4.38 4.63 4.09 3.41 3.85 4.27 
La/Sc 7.26 3.57 4.36 3.95 6.10 2.12 4.87 4.74 5.43 4.46 4.31 5.75 5.15 4.41 
Ti/Zr 6.0 4.8 0.8 6.1 6.1 3.6 5.2 4.8 5.2 5.7 9.5 3.2 7.7 10.7 
Nb/Y 0.67 0.44 1.32 0.70 0.52 0.54 0.36 0.37 0.42 0.64 0.48 0.98 0.84 0.77 
Ce/Ce* 0.96 0.88 1.06 0.99 0.94 0.05 0.94 0.98 0.88 0.95 0.93 0.97 0.89 0.96 
K/Cs 7297 4607 3752 6608 5105 5850 8758 8758 4572 4488 3951 3816 4339 4770 
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Table 2. Continued 
Fish River Subgroup 
ID 03- 	 03-566 03-567 03-568 03-569 03-444 03-445 03-446 03-447 03-559 03-560 03-562 03-449 03-450 
Basin Zaris Witputs Zaris Witputs 
Clutcrod 35 9 34 10 
Fm. Stockdale 
Mb. Wasserfall Inachab Haseweb 
Lithology 	 If If If If If sla If 
M 	 1.75 2.5 2.25 1.75 2.25 2.25 1.75 
SiO2 77.4176.25 74.40 76.29 87.02 	 94.03 	 94.31 94.20 92.56 	 87.21 89.57 88.93 78.47 	 68.63 
A120 3 8.88 9.05 9.34 11.69 5.10 	 0.89 	 1.10 0.94 3.53 	 3.47 2.83 2.65 7.93 	 14.01 
MgO 0.63 	 0.66 0.67 0.45 0.25 	 0.13 	 0.11 0.13 0.18 	 0.50 0.39 0.48 1.19 	 1.24 
TiO2 0.27 0.23 0.21 0.27 0.11 	 0.06 	 0.06 0.05 0.15 	 0.10 0.09 0.07 0.22 	 0.54 
Fe2O3T 2.79 2.28 2.39 1.83 0.96 	 0.80 	 0.96 0.86 1.54 	 1.95 1.46 1.96 3.24 	 4.07 
CaO 0.94 	 1.80 1.79 0.34 0.59 	 0.03 	 0.02 0.16 0.08 	 0.13 0.50 0.29 0.22 	 0.37 
Na2O 1.67 	 1.18 1.17 1.15 0.93 	 0.33 	 0.30 0.66 0.17 	 0.67 0.63 0.51 1.10 	 1.03 
K2O 2.79 2.92 2.94 3.25 2.20 	 0.33 	 0.34 0.35 0.74 	 1.06 1.01 0.90 1.65 	 2.37 
MnO 0.0400.040 0.038 0.028 0.013 	 0.003 	 0.002 0.001 0.008 	 0.015 0.010 0.012 0.062 	 0.038 
P2O5  0.1130.087 0.087 0.091 0.029 	 0.000 	 0.000 0.009 0.020 	 0.032 0.030 0.048 0.064 	 0.114 
LOI 3.1 	 4.1 4.8 2.9 2.1 	 2.6 	 2.3 2.3 1.1 	 3.1 2.8 3.4 3.9 	 4.9 
Sum 98.6 98.6 97.8 98.3 99.3 	 99.2 	 99.5 99.7 100.1 	 98.2 99.3 99.2 98.0 	 97.3 
CIA 54 	 52 53 66 74 	 58 48 53 67 	 74 
Ba 469 489 485 599 563 	 47 	 48 2268 66 	 238 230 222 404 	 256 
Nb 16.1 	 14.4 14.6 12.2 11.4 	 6.6 	 7.0 5.5 7.3 	 9.4 9.1 7.9 12.6 	 14.0 
Pb 27 	 28 29 30 23 	 12 	 13 11 14 	 16 15 15 28 	 25 
Rb 126 	 133 134 135 106 	 32 	 32 32 36 	 53 50 47 87 	 92 
Sr 91 	 85 87 76 83 	 6 	 6 46 9 	 31 40 33 33 	 34 
Y 27 	 31 32 19 19 	 20 	 13 20 13 	 16 15 16 13 	 14 
Zr 410 	 243 242 200 177 	 90 	 127 66 76 	 143 103 87 208 	 269 
Co 6 	 8 9 4 2 	 0 	 1 3 2 	 6 4 3 14 	 10 
Zn 51 	 52 55 38 25 	 11 	 8 15 10 	 38 28 36 68 	 70 
Ni 9 	 10 I 1 7 5 	 4 	 4 5 5 	 9 7 8 16 	 14 
V 41 	 41 42 27 22 	 18 	 21 21 26 	 28 25 25 57 	 61 
Cs 5.0 	 5.0 5.0 4.0 3.0 	 1.0 	 1.0 1.0 1.0 	 1.0 1.0 1.0 5.0 	 4.0 
Th 15.0 	 12.0 12.0 10.0 7.1 	 2.3 	 3.1 2.2 2.8 	 5.8 4.8 3.9 8.3 	 10.0 
Sc 6.1 	 6.2 6.4 3.4 2.2 	 1.3 	 1.5 1.3 2.0 	 3.1 2.5 2.1 7.6 	 8.3 
U 3.2 	 2.4 2.3 2.1 1.3 	 0.7 	 0.8 0.9 0.8 	 1.5 1.1 0.9 2.0 	 2.1 
Ta 1.3 	 0.8 0.9 0.8 0.8 	 0.5 	 0.5 0.5 0.5 	 0.5 0.5 0.5 1.3 	 1.2 
Hf 14 	 8 8 6 5 	 2 	 3 2 2 	 4 3 2 7 	 9 
La 40.0 34.0 35.0 26.0 21.0 	 30.0 	 21.0 34.0 11.0 	 25.0 21.0 25.0 31.0 	 35.0 
Ce 75.0 62.0 65.0 49.0 40.0 	 25.0 	 26.0 37.0 28.0 	 53.0 44.0 52.0 58.0 	 71.0 
Nd 35.0 28.0 27.0 22.0 15.0 	 33.0 	 19.0 33.0 9.0 	 22.0 17.0 23.0 24.0 	 29.0 
Sm 7.4 	 6.4 6.8 4.5 4.0 	 6.5 	 3.9 6.8 1.8 	 4.4 3.7 4.5 5.0 	 6.0 
Eu 1.2 	 1.2 1.4 0.8 0.8 	 1.1 	 0.6 1.2 0.4 	 0.8 0.8 0.9 0.8 	 0.8 
Tb 1.0 	 0.9 I.0 0.6 0.6 	 0.7 	 0.5 0.7 0.4 	 0.4 0.4 0.4 0.4 	 0.7 
Yb 3.3 	 3.0 2.9 2.1 1.8 	 1.4 	 1.2 1.3 1.0 	 1.4 1.3 1.4 1.7 	 2.0 
Lu 0.5 	 0.4 0.5 0.3 0.3 	 0.2 	 0.2 0.2 0.2 	 0.2 0.2 0.2 0.3 	 0.3 
Eu/Eu* 0.51 	 0.58 0.63 0.56 0.61 	 0.55 	 0.49 0.58 0.61 	 0.61 0.71 0.68 0.55 	 0.43 
Lam/Yb. 8.19 	 7.66 8.16 8.37 7.88 	 14.48 	 11.83 17.67 7.43 	 12.07 10.92 12.07 12.32 	 11.83 
Th/Sc 2.46 	 1.94 1.88 2.94 3.23 	 1.77 	 2.07 1.69 1.40 	 1.87 1.92 1.86 1.09 	 1.20 
Zr/Sc 67.1 	 39.2 37.8 58.9 80.5 	 69.2 	 84.6 51.0 38.2 	 46.0 41.3 41.5 27.3 	 32.4 
La/Th 2.67 2.83 2.92 2.60 2.96 	 13.04 	 6.77 15.45 3.93 	 4.31 4.38 6.41 3.73 	 3.50 
Th/U 4.69 5.00 5.22 4.76 5.46 	 3.29 	 3.88 2.44 3.50 	 3.87 4.36 4.33 4.15 	 4.76 
La/Sc 6.56 5.48 5.47 7.65 9.55 	 23.08 	 14.00 26.15 5.50 	 8.06 8.40 11.90 4.08 	 4.22 
Ti/Zr 4.0 	 5.5 5.3 8.1 3.9 	 3.7 	 2.9 4.4 11.6 	 4.3 5.3 4.5 6.3 	 12.0 
Nb/Y 0.59 0.47 0.46 0.65 0.61 	 0.32 	 0.53 0.27 0.55 	 0.59 0.63 0.48 1.01 	 1.02 
Ce/Ce* 0.94 0.93 0.97 0.95 1.02 	 0.39 	 0.61 0.53 1.30 	 1.06 1.07 1.02 0.97 	 1.03 
K/Cs 4637 4843 4878 6745 6082 	 2764 	 2822 2939 6110 	 8774 8417 7496 2741 	 4920 
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Table 2. Continued 
Fish River Sub rou 
ID 03-451 03-45403-45503-374 03-375 03-376 03-377 03-378 03-570 03-571 03-572 03-43403-43503- 
436 
Basin Zaris Witputs 
Outcrop 10 	 ill 1 136 7 
Fm. Stockdale Breckhorn Nababis 
Mb. HasewebfKabib Zamnarib 
Lithology 
M 
If 	 sf 
3.1 	 3.5 
sf 
3.5 
fla 
1.5 
If 
1.5 
fla 
1.75 
If 	 If 
3.25 	 3.25 
SiO2 
 
78.67 95.51 96.41 88.33 67.01 77.57 77.65 82.32 91.51 89.55 87.46 68.74 83.45 72.36 
A1 203 7.93 1.03 0.16 2.98 11.63 9.80 10.94 8.23 1.68 4.46 3.20 13.86 9.08 10.96 
MgO 1.06 0.15 0.09 0.21 1.42 0.32 0.35 0.17 0.21 0.25 0.29 1.14 0.83 1.10 
TiO2 0.20 0.07 0.03 0.30 0.30 0.59 0.35 0.12 0.07 0.23 0.15 0.68 0.34 0.34 
Fe2O3T 3.13 1.18 0.62 1.99 3.57 3.12 1.81 1.08 1.69 1.50 1.14 4.07 2.95 3.95 
CaO 0.24 0.07 0.02 0.09 2.64 0.18 0.14 0.09 0.07 0.20 0.14 0.53 0.29 0.34 
Na2O 1.25 0.17 0.30 0.78 1.72 0.66 0.56 0.43 0.70 0.71 1.37 2.18 0.77 2.29 
K2O 1.63 0.50 0.16 1.38 2.69 1.96 2.16 1.17 0.82 1.18 1.13 2.24 1.73 2.13 
MnO 0.021 0.015 0.003 0.007 0.046 0.014 0.013 0.016 0.025 0.005 0.000 0.072 0.033 0.015 
P203 0.063 0.013 0.004 0.018 0.134 0.022 0.019 0.021 0.012 0.051 0.023 0.198 0.090 0.174 
LOI 4.0 3.2 1.8 1.1 6.3 6.0 4.5 4.2 1.1 1.2 2.1 3.8 2.0 3.8 
Sum 98.2 101.9 99.6 97.2 97.5 100.2 98.5 97.9 97.9 99.3 97.0 97.5 101.6 97.5 
CIA 65 52 74 76 79 44 61 46 67 71 62 
Ba 325 57 33 569 403 995 264 192 186 433 327 413 214 341 
Nb 12.0 5.4 5.4 19.1 22.6 21.2 16.3 8.3 7.3 8.8 10.5 16.4 10.4 17.2 
Pb 24 20 16 22 25 28 20 23 20 16 17 18 18 21 
Rb 85 28 22 62 72 71 92 49 49 55 59 93 74 96 
Sr 37 6 5 26 30 31 26 14 14 32 31 44 22 51 
Y 14 11 8 21 16 16 18 14 23 14 20 28 18 30 
Zr 160 60 68 368 471 429 189 93 118 165 147 340 174 307 
Co 10 2 1 3 4 4 2 3 3 4 4 11 8 11 
Zn 64 8 8 15 20 22 20 11 19 21 22 70 50 71 
Ni 14 4 4 6 9 9 5 5 6 6 6 15 11 16 
V 53 16 15 35 53 52 38 22 24 24 27 62 41 66 
Cs 6.0 1.0 1.0 2.0 5.0 6.0 3.0 2.0 1.0 1.0 1.0 4.0 2.0 3.0 
Th 7.5 1.8 1.5 14.0 18.0 17.0 11.0 4.2 3.2 4.9 5.6 15.0 6.4 15.0 
Sc 7.2 0.8 0.7 3.2 3.6 3.4 3.3 1.3 1.6 2.4 2.8 10.1 4.8 10.1 
U 1.9 0.4 0.4 2.4 2.5 2.5 1.6 2.2 0.6 1.2 1.2 3.2 1.7 3.4 
Ta 0.7 0.5 0.5 1.3 1.5 1.4 1.0 0.5 0.5 0.5 0.7 1.4 0.5 1.6 
Hf 5 1 2 11 16 15 6 2 3 5 4 12 5 11 
La 25.0 8.3 8.1 39.0 42.0 39.0 35.0 19.0 48.0 16.0 24.0 44.0 22.0 45.0 
Ce 46.0 46.0 15.0 71.0 79.0 73.0 65.0 36.0 79.0 30.0 50.0 82.0 40.0 86.0 
Nd 18.0 9.0 7.0 35.0 30.0 28.0 27.0 15.0 44.0 14.0 22.0 39.0 18.0 35.0 
Sm 4.3 1.7 1.3 6.3 6.7 6.1 5.5 3.4 8.8 3.2 4.7 8.4 4.3 8.8 
Eu 1.0 0.3 0.2 1.2 1.1 1.0 0.9 0.6 1.6 0.7 0.9 1.4 0.7 1.4 
Tb 0.6 0.3 0.3 0.8 0.8 0.7 0.6 0.5 0.9 0.5 0.6 1.1 0.5 1.2 
Yb 1.7 0.9 0.7 2.6 2.5 2.5 2.1 1.3 1.7 1.5 1.8 3.2 1.8 3.3 
Lu 0.3 0.1 0.1 0.4 0.4 0.4 0.3 0.2 0.2 0.2 0.3 0.5 0.3 0.5 
Eu/Eu* 0.72 0.52 0.42 0.61 0.53 0.53 0.54 0.54 0.60 0.66 0.61 0.53 0.53 0.50 
LaN/YbN 9.94 6.23 7.82 10.14 11.35 10.54 11.26 9.88 19.08 7.21 9.01 9.29 8.26 9.21 
Th/Sc 1.04 2.25 2.14 4.38 5.00 5.00 3.33 3.23 2.00 2.04 2.00 1.49 1.33 1.49 
Zr/Sc 22.3 74.6 96.6 114.8 130.8 126.2 57.2 71.4 74.0 68.8 52.4 33.7 36.2 30.4 
La/Th 3.33 4.61 5.40 2.79 2.33 2.29 3.18 4.52 15.00 3.27 4.29 2.93 3.44 3.00 
Th/U 3.95 4.50 3.75 5.83 7.20 6.80 6.88 1.91 5.33 4.08 4.67 4.69 3.76 4.41 
La/Sc 3.47 10.38 11.57 12.19 11.67 11.47 10.61 14.62 30.00 6.67 8.57 4.36 4.58 4.46 
Ti/Zr 7.4 7.0 2.4 4.8 3.8 8.2 11.1 7.9 3.6 8.3 6.0 12.0 11.7 6.7 
Nb/Y 0.88 0.49 0.71 0.90 1.41 1.29 0.90 0.58 0.32 0.63 0.54 0.60 0.57 0.57 
Ce/Ce* 0.98 2.58 0.93 0.90 1.01 1.00 0.97 0.98 0.81 0.94 1.03 0.93 0.93 0.99 
K/Cs 2259 4151 1361 5728 4459 2713 5971 4873 6832 9812 9413 4655 7164 5891 
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Table 2. Continued  
Fish River Subgroup 
ID 03-437 03-438 03-575 03-577 Means SD 
Basin Witputs 
Outcrop 7 
Fm. Nababis 
Mb. Zamnarib 
Lithology If sf 
M 3.25 3.5 
SiO2 76.54 84.11 66.45 63.83 80.43 9.22 
A1 203 9.43 3.16 11.67 12.48 7.62 4.39 
MgO 0.94 0.50 1.44 1.71 0.69 0.48 
TiO2 0.81 0.18 0.32 0.28 0.27 0.18 
Fe2O3T 3.53 1.94 3.61 4.22 2.46 1.09 
CaO 2.00 0.23 2.77 2.59 0.62 0.76 
Na2O 2.02 0.88 1.60 1.67 1.14 0.62 
K2O 1.73 0.95 2.69 2.79 1.73 0.89 
MnO 0.085 0.027 0.048 0.048 0.031 0.031 
P2O5  0.245 0.045 0.138 0.110 0.079 0.062 
LOI 2.2 5.0 7.2 7.9 3.6 1.8 
Sum 99.5 97.0 97.9 97.6 98.7 1.1 
CIA 52 52 52 54 61 9 
Ba 621 207 462 476 411 359 
Nb 18.2 10.9 17.3 16.2 12.9 4.6 
Pb 19 17 24 23 21 5 
Rb 72 53 127 127 79 34 
Sr 52 21 98 92 43 28 
Y 24 12 40 34 21 9 
Zr 576 306 304 176 245 139 
Co 9 7 16 20 7 5 
Zn 58 36 78 94 42 25 
Ni 13 9 17 21 10 4 
V 61 35 62 66 41 17 
Cs 3.0 2.0 7.0 7.0 2.7 2.3 
Th 18.0 7.1 16.0 12.0 9.4 5.2 
Sc 8.2 3.4 11.0 11.9 5.2 3.3 
U 3.8 1.9 3.6 2.9 2.1 1.0 
Ta 1.6 0.8 1.3 1.2 0.7 0.8 
Hf 19 9 11 6 8 5 
La 49.0 23.0 45.0 35.0 31.7 11.5 
Ce 96.0 48.0 87.0 54.0 58.4 20.8 
Nd 45.0 23.0 35.0 29.0 26.4 9.6 
Sm 10.0 4.6 9.0 7.0 5.9 2.3 
Eu 1.6 0.8 1.4 1.4 1.0 0.4 
Tb 1.1 0.4 1.3 0.9 0.7 0.3 
Yb 4.0 1.6 3.9 3.1 2.3 1.0 
Lu 0.6 0.3 0.5 0.5 0.3 0.1 
Eu/Eu* 0.52 0.59 0.48 0.63 0.57 0.07 
LaN/YbN 8.28 9.71 7.80 7.63 9.79 2.74 
Th/Sc 2.20 2.09 1.45 1.01 2.08 0.97 
Zr/Sc 70.2 90.1 27.7 14.8 57.0 27.8 
La/Th 2.72 3.24 2.81 2.92 4.32 3.11 
Th/U 4.74 3.74 4.44 4.14 4.50 1.05 
La/Sc 5.98 6.76 4.09 2.94 8.59 6.05 
Ti/Zr 8.4 3.6 6.2 9.6 6.6 2.8 
Nb/Y 0.75 0.92 0.43 0.48 0.65 0.26 
Ce/Ce* 0.96 1.00 1.01 0.79 0.94 0.30 
K/Cs 4773 3931 3185 3313 5321 4543 
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Table 3. Major (%) and trace elements (ppm) of the Arroyo del Soldado Group (Chapter 5) 
Fm. 
Locality 
Lit. 
ID UCC 
2 
qa 
041106/10 
2 
sf 
041107/I 
2 
qa 
041106/11 
1 
sf 
041106/5 
1 
qa 
980304/5 
Yerbal 
8 	 8 
sf 	 f 
980311/3 	 041118/11 
5 
qa 
041109/4 
5 
qa 
041109/3 
5 
qa 
041109/2 
9 
me 
980331/2 
9 
sf 
980331/3 Means 
M 1.50 1.50 1.50 1.75 1.50 1.50 0.75 1.25 1.25 1.25 1.50 0.50 
SiO2 66.00 95.34 86.72 94.98 80.68 90.00 89.93 88.96 89.77 88.27 89.23 76.01 81.96 87.65 
A1203 15.20 0.53 7.18 0.90 8.14 2.63 3.07 2.75 3.90 5.60 4.60 12.01 8.15 4.95 
Fe203t 4.50 1.86 1.27 1.30 4.59 2.99 1.05 3.41 1.62 0.89 0.84 2.03 2.03 1.99 
MgO 2.20 0.24 0.17 0.37 0.21 0.10 0.05 0.03 0.64 0.65 0.10 0.49 0.39 0.29 
CaO 4.20 0.01 0.02 0.01 0.02 0.02 0.03 0.00 0.01 0.01 0.04 0.03 0.01 0.00 
Na2 O 3.90 2.30 2.28 2.83 2.33 2.23 0.37 2.17 2.39 2.21 3.43 2.99 3.21 2.40 
K2O 3.40 0.28 1.49 0.16 1.83 0.43 2.57 2.36 0.60 1.19 0.02 4.73 3.10 1.49 
TiO2 0.50 0.05 0.69 0.06 0.69 0.23 0.08 0.08 0.13 0.23 0.10 1.06 0.31 0.31 
P200 0.17 0.023 0.024 0.026 0.044 0.017 0.010 0.024 0.027 0.020 0.043 0.061 0.043 0.030 
MnO 0.06 0.034 0.001 0.028 0.075 0.447 0.011 0.008 0.022 0.002 0.019 0.027 0.000 0.056 
LOI 0.6 1.0 0.4 2.0 1.2 0.6 0.3 0.5 1.3 0.5 2.0 1.6 1.0 
sum 100.7 100.8 100.7 100.6 100.3 97.8 100.1 99.6 100.3 98.9 101.4 100.8 100.2 
CIA 57 59 53 55 56 
Ba 550 45 196 46 291 231 366 460 172 239 54 862 400 280 
Nb 12.0 3.2 9.7 3.3 11.9 3.1 0.8 2.6 4.3 5.3 4.8 21.7 6.0 6.4 
Pb 17 7 3 1 28 19 12 36 10 5 5 20 10 13 
Rb 112 11 96 12 97 41 32 29 36 60 15 133 107 56 
Sr 350 24 64 27 44 66 28 32 23 22 29 64 29 38 
Y 22 13 11 18 13 7 1 0 5 5 22 14 9 10 
Zr 190 21 160 26 245 67 51 54 65 117 69 662 257 149 
Co 17 n.d. 2 4 9 n.d. n.d. 2 5 4 6 2 3 4 
Cs 5 n.d. 4 1 4 n.d. n.d. 1 1 1 1 1 1 0 
Cr 83 11 49 8 55 n.d. n.d. 19 42 80 35 n.d. n.d. 37 
V 107 9 48 9 53 31 21 15 9 21 5 49 26 25 
Ni 44 16 11 15 20 18 15 13 54 50 15 12 12 21 
Ta 1.0 n.d. 0.8 0.3 0.6 n.d. n.d. 0.3 0.4 0.6 0.4 1.7 0.7 0.6 
Hf 5.8 n.d. 5.0 1.0 7.0 n.d. n.d. 1.0 2.0 4.0 2.0 21.0 9.0 5.6 
Sc 13.6 n.d. 7.4 1.8 8.8 n.d. n.d. 5.2 1.9 3.6 1.4 4.8 3.4 4.3 
Th 10.7 1.3 6.9 3.5 8.2 3.3 2.0 1.3 2.4 3.2 2.0 43.9 10.2 7.4 
U 2.8 n.d. 0.9 0.4 2.4 n.d. n.d. 0.4 0.4 0.4 0.4 6.8 8.1 2.2 
La 30.0 n.d. 37.0 20.0 20.0 n.d. n.d. 6.5 13.0 10.0 10.0 90.6 25.0 25.8 
Ce 64.0 n.d. 82.0 38.0 48.0 n.d. n.d. 11.0 20.0 19.0 21.0 290.0 70.0 66.6 
Nd 26.0 n.d. 36.0 21.0 19.0 n.d. n.d. 7.0 10.0 10.0 10.0 65.0 25.0 22.6 
Sm 4.5 n.d. 5.8 2.8 3.0 n.d. n.d. 1.1 1.8 1.5 1.8 9.2 3.9 3.4 
Eu 0.9 n.d. 0.8 0.5 0.5 n.d. n.d. 0.3 0.4 0.4 0.3 1.4 0.7 0.6 
Tb 0.6 n.d. 0.5 0.5 0.5 n.d. n.d. 0.1 0.3 0.5 0.4 1.0 0.6 0.5 
Yb 2.2 n.d. 1.5 0.9 2.1 n.d. n.d. 0.2 0.8 0.9 1.5 22 1.5 1.3 
Lu 0.3 n.d. 0.2 0.1 0.4 n.d. n.d. 0.0 0.2 0.2 0.2 0.4 0.2 0.2 
Th/U 3.8 7.67 8.75 3.42 3.25 6.00 8.00 5.00 6.46 1.26 5.53 
Eu/Eu* 0.63 0.47 0.52 0.50 0.92 0.66 0.64 0.46 0.50 0.55 0.58 
LaN/YbN 9.30 16.67 15.02 6.44 21.96 10.98 7.51 4.50 27.83 11.26 13.57 
Zr/Sc 14.00 21.58 14.39 27.78 10.37 34.16 32.58 49.50 137 75.68 44.89 
Th/Sc 0.79 0.93 1.94 0.93 025 1.26 0.89 1.43 9.15 3.00 2.20 
La/Sc 2.20 5.00 11.11 2.27 1.25 6.84 2.78 7.14 18.88 7.35 6.96 
CrN 0.78 1.25 1.02 0.95 1.04 1.26 4.93 3.85 6.43 1.73 
Cr/Ni 1.89 0.65 4.29 0.56 2.76 1.48 0.78 1.61 2.25 1.20 
Nb/Y 0.55 0.25 0.89 0.18 0.95 0.47 1.14 8.67 0.83 1.08 0.22 1.60 0.69 0.67 
Y/Ni 0.50 0.77 0.96 1.23 0.63 0.38 0.05 0.02 0.10 0.10 1.40 1.14 0.73 0.46 
Cr/Th 7.76 8.15 7.09 2.37 6.70 14.62 17.67 24.91 17.35 5.08 
Ce/Ce* 1.07 1.07 0.89 1.17 0.79 0.80 0.91 1.00 1.71 1.34 1.29 
K/Cs 6100 2696 38060 6197 13439 7396 6940 16884 16851 16509 28438 
Ti/Zr 12.9 14.4 25.8 14.4 16.8 21.0 9.6 8.9 11.8 11.6 8.7 9.6 7.3 12.4 
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Table 3. Continued 
Fm. 
Locality 	 2 
Lit. 	 ssa 
2 
ssa 
1 
ssa 
1 
ss 
Yerbal 
8 	 8 
ss 	 ss 
5 
ss 
9 
ss 
9 
ss 
Barriga Negra 
4a 	 4a 
f 	 f 
ID SD 041106/9 041106/7 041106/8 041106/1 041107/4 041118/10 030129/IA 980331/5 980331/6 Means SD 980317/8 041108/3B 
M 4.00 4.00 5.00 5.00 5.00 4.00 5.00 5.00 1.00 1.00 
SiO2 5.64 63.51 62.62 65.38 60.00 67.46 66.09 68.66 63.09 67.28 64.90 2.79 72.11 78.58 
A1203 3.39 18.94 19.28 20.27 19.86 17.02 15.80 14.10 14.93 14.87 17.23 2.40 12.18 10.89 
Fe203 t 1.14 6.55 7.84 3.59 6.16 5.84 3.17 3.62 6.63 4.37 5.31 1.66 3.43 0.91 
MgO 0.22 0.35 0.27 0.42 0.31 0.59 1.05 2.32 2.23 1.84 1.04 0.86 0.65 0.13 
CaO 0.02 0.02 0.36 0.03 0.08 0.27 0.00 0.20 0.43 0.07 0.16 0.16 0.55 0.09 
Na2O 0.77 2.64 3.07 2.70 2.60 2.87 2.55 2.39 3.71 2.47 2.78 0.40 3.86 3.32 
K2O 1.51 3.93 3.06 4.13 4.81 2.31 10.50 4.10 2.41 5.03 4.47 2.46 3.58 4.01 
TiO2 0.33 0.90 0.94 0.81 1.33 0.80 0.68 0.63 0.87 0.63 0.84 0.22 0.52 0.21 
P2O5 0.014 0.069 0.043 0.031 0.306 0.115 0.033 0.144 0.239 0.094 0.119 0.096 0.148 0.017 
MnO 0.125 0.030 0.024 0.027 0.022 0.027 0.032 0.021 0.097 0.018 0.033 0.024 0.055 0.003 
LOI 0.6 3.1 3.6 3.8 6.7 2.7 1.6 5.3 4.3 5.9 4.1 1.6 1.5 0.9 
sum 1.0 100.0 101.1 101.2 102.2 100.0 101.5 101.5 98.9 102.6 101.0 1.1 98.6 99.1 
CIA 2 69 68 70 69 69 51 63 63 61 65 6 53 52 
Ba 229 856 461 612 687 391 784 421 512 751 608 170 1458 822 
Nb 5.7 14.9 14.8 18.4 18.2 14.8 11.8 13.7 13.2 12.0 14.6 2.4 14.9 7.2 
Pb 11 13 13 9 13 19 10 16 32 11 15 7 27 18 
Rb 42 146 132 185 193 126 152 158 78 114 143 35 111 106 
Sr 17 257 167 177 500 191 22 31 71 63 164 150 258 223 
Y 7 47 30 18 53 48 27 34 19 24 33 13 20 9 
Zr 180 171 160 170 224 215 164 148 159 212 180 28 284 90 
Co 2 5 n.d. 3 1 n.d. 6 13 14 12 8 5 8 3 
Cs 2 11 n.d. 7 8 n.d. 5 5 4 5 6 2 2 1 
Cr 24 80 66 75 116 43 75 89 n.d. n.d. 78 22 n.d. 20 
V 17 64 67 55 162 48 51 72 80 89 76 35 37 16 
Ni 15 17 21 22 16 25 23 79 47 48 33 21 21 9 
Ta 0.4 1.1 n.d. 1.4 1.7 n.d. 0.6 1.3 0.5 0.6 1.0 0.5 3.1 0.9 
Hf 6.6 6.0 n.d. 5.0 6.0 n.d. 6.0 4.0 5.0 6.0 5.4 0.8 9.0 3.0 
Sc 2.6 18.4 n.d. 14.7 19.1 n.d. 12.8 12.0 15.9 15.7 15.5 2.6 3.9 2.0 
Th 11.9 13.0 11.0 11.0 14.0 11.0 9.3 11.9 7.0 5.9 10.5 2.6 13.0 6.2 
U 3.0 1.5 n.d. 0.9 5.0 n.d. 0.8 1.8 1.7 1.3 1.9 1.4 0.4 0.4 
La 26.0 77.5 n.d. 6.8 51.1 n.d. 40.0 49.0 19.0 34.0 39.6 23.1 60.0 35.0 
Ce 87.3 120.0 n.d. 10.0 94.0 n.d. 73.0 86.0 58.0 66.0 72.4 34.3 130.0 53.0 
Nd 18.4 71.0 n.d. 6.0 50.0 n.d. 36.0 37.0 22.0 33.0 36.4 20.5 46.0 26.0 
Sm 2.6 13.2 n.d. 1.3 9.1 n.d. 5.6 6.6 3.8 5.5 6.4 3.8 7.1 3.5 
Eu 0.3 2.5 n.d. 0.2 1.3 n.d. 1.1 1.1 0.7 1.2 1.2 0.7 0.9 0.7 
Tb 0.2 0.8 n.d. 0.5 1.0 n.d. 0.6 0.9 0.5 1.0 0.8 0.2 0.8 0.4 
Yb 0.6 3.3 n.d. 1.9 4.5 n.d. 2.6 2.6 2.4 2.4 2.8 0.9 1.8 0.9 
Lu 0.1 0.5 n.d. 0.4 0.7 n.d. 0.4 0.5 0.4 0.4 0.5 0.1 0.3 0.1 
Th/U 2.51 8.67 12.22 2.80 11.63 6.61 4.12 4.54 7.23 3.72 32.50 15.50 
Eu/Eu* 0.15 0.67 0.35 0.47 0.64 0.52 0.58 0.64 0.55 0.12 0.41 0.65 
LanNbN 7.64 15.87 2.42 7.67 10.40 12.74 5.35 9.57 9.15 4.50 22.52 26.28 
Zr/Sc 40.09 9.32 11.56 11.71 12.78 12.37 10.03 13.48 11.61 1.48 72.87 44.95 
Th/Sc 2.72 0.71 0.75 0.73 0.73 0.99 0.44 0.38 0.67 0.21 3.33 3.10 
La/Sc 5.42 4.21 0.46 2.68 3.13 4.08 1.19 2.17 2.56 1.40 15.38 17.50 
CrN 2.15 1.25 0.99 1.35 0.72 0.89 1.49 1.24 0.88 0.55 1.27 
Cr/Ni 1.35 4.74 3.11 3.36 7.07 1.72 3.27 1.12 2.71 2.30 2.28 
Y/Ni 0.46 2.78 1.40 0.80 3.21 1.92 1.17 0.43 0.41 0.50 1.00 0.62 0.97 1.06 
Cr/Th 2.06 6.13 6.02 6.79 8.28 3.91 8.10 7.48 7.43 8.37 3.27 
Nb/Y 2.44 0.32 0.50 1.03 0.35 0.31 0.44 0.41 0.68 0.50 0.44 0.23 0.75 0.77 
Ce/Ce* 0.30 0.76 0.73 0.89 0.90 0.92 1.39 0.94 0.90 0.22 1.13 0.80 
K/Cs 14369 5919 7304 6057 6010 11005 9073 8811 2141 1954 3756 36848 
Ti/Zr 5.54 31.6 35.1 28.5 35.7 22.3 25.0 25.6 32.9 17.8 28.1 6.10 10.9 14.1 
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Table 3. Continued 
Fm. 
Locality 
Lit. 
ID 
4b 
mc 
970516/3 
4b 
mc 
970504/5 
4b 
f 
970410/3 
4b 
I 
041107/8 
4b 
If 
041107/9 
Barriga Negra 
4b 
If 
041107/7 	 Mean 	 SD 
4b 
ss 
041107/6 
4b 
ss 
970410/5 
4b 
ss 
970410/2 
4b 
ss 
041107/5 Mean 
M 1.00 0.50 0.50 2.25 2.25 2.25 4.50 4.50 4.50 4.50 
Si02 71.07 73.38 73.80 68.78 64.05 68.89 4.01 59.99 63.29 56.00 56.40 58.92 
A1203 11.30 11.01 11.05 10.16 10.31 9.08 0.86 14.49 14.02 14.23 13.86 14.15 
Fe203t 4.44 3.12 4.13 4.02 5.20 3.26 1.19 5.69 5.83 5.76 6.22 5.87 
MgO 1.75 1.44 2.44 2.25 4.10 2.06 1.13 2.85 2.81 2.64 3.53 2.96 
CaO 0.64 0.13 2.43 4.31 3.47 6.56 2.21 3.18 0.44 6.95 6.03 4.15 
Na20 3.46 3.31 3.85 3.42 3.12 3.33 0.25 3.55 4.38 4.13 3.42 3.87 
K20 3.36 3.08 1.64 2.55 2.55 1.35 0.87 3.60 3.92 3.46 3.10 3.52 
TiO2 0.35 0.23 0.37 0.30 0.39 0.32 0.09 0.77 0.64 0.79 0.76 0.74 
P205 0.106 0.056 0.103 0.087 0.117 0.097 0.037 0.198 0.177 0.210 0.188 0.193 
MnO 0.086 0.025 0.070 0.078 0.074 0.080 0.028 0.106 0.062 0.212 0.140 0.130 
LOI 2.5 2.1 2.3 4.4 6.0 6.1 1.9 5.5 3.7 7.4 7.8 6.1 
sum 99.0 97.9 102.2 100.4 99.4 101.1 1.3 99.9 99.3 101.8 101.4 100.6 
CIA 53 55 I 54 
Ba 576 498 285 353 328 273 376 709 525 571 805 652 
Nb 10.4 6.5 7.8 10.9 11.0 7.3 2.7 17.0 15.6 17.4 16.0 16.5 
Pb 13 15 7 14 22 6 7 20 42 16 32 27 
Rb 92 80 46 67 70 42 24 126 139 144 122 133 
Sr 73 67 105 129 93 179 67 247 78 290 292 227 
Y 23 11 25 30 29 22 7 33 26 50 31 35 
Zr 149 113 132 125 141 131 55 187 201 216 205 202 
Co n.d. 12 18 n.d. 28 14 8 n.d. 17 16 16 16 
Cs n.d. 2 2 n.d. 2 2 0 n.d. 6 7 6 6 
Cr n.d. n.d. n.d. 176 348 172 116 93 n.d. n.d. 82 87 
V 45 39 48 38 50 41 10 63 n.d. n.d. 66 65 
Ni 79 53 70 66 123 64 33 44 77 46 37 51 
To n.d. 1.7 1.3 n.d. 2.0 1.7 0.7 n.d. 2.0 1.5 2.1 1.9 
Hf n.d. 4.0 5.0 n.d. 5.0 4.0 1.9 n.d. 6.0 6.0 5.0 5.7 
Sc n.d. 6.8 11.7 n.d. 16.5 11.1 5.0 n.d. 11.6 14.0 13.7 13.1 
Th 11.0 11.0 10.0 10.0 12.0 9.2 1.9 10.0 12.0 11.0 12.0 11.3 
U n.d. 1.9 1.6 n.d. 3.8 1.1 1.2 n.d. 2.9 2.6 2.5 2.7 
La n.d. 24.0 38.0 n.d. 31.0 30.0 11.4 n.d. 38.0 50.7 38.0 42.2 
Ce n.d. 46.0 64.0 n.d. 59.0 58.0 28.1 n.d. 78.0 88.0 80.0 82.0 
Nd n.d. 20.0 30.0 n.d. 22.0 22.0 8.8 n.d. 35.0 46.0 33.0 38.0 
Sm n.d. 3.2 5.2 n.d. 4.5 4.3 1.3 n.d. 5.6 8.1 6.4 6.7 
Eu n.d. 0.7 1.3 n.d. 0.8 0.9 0.2 n.d. 1.0 1.6 1.1 1.2 
Tb n.d. 0.6 0.8 n.d. 0.9 0.9 0.2 n.d. 0.9 1.1 0.4 0.8 
Yb n.d. 1.4 2.3 n.d. 2.5 2.2 0.6 n.d. 2.9 3.4 2.7 3.0 
Lu n.d. 0.3 0.4 n.d. 0.4 0.4 0.1 n.d. 0.5 0.6 0.5 0.5 
Th/U 5.79 6.25 3.16 8.36 9.96 4.14 4.23 4.80 4.39 
Eu/Eu* 0.63 0.76 0.51 0.59 0.11 0.54 0.62 0.61 0.59 
LaN/YbN 11.58 11.16 8.38 9.21 6.92 8.85 10.08 9.51 9.48 
Zr/Sc 16.56 11.24 8.57 11.83 23.63 17.29 15.41 14.97 15.89 
Th/Sc 1.62 0.85 0.73 0.83 1.08 1.03 0.79 0.88 0.90 
La/Sc 3.53 3.25 1.88 2.70 6.46 3.28 3.62 2.77 3.22 
CrN 4.63 6.91 4.19 2.56 1.46 1.24 0.67 
Cr/Ni 2.65 2.83 2.70 1.32 2.09 2.18 1.07 
Nb/Y 0.46 0.58 0.31 0.37 0.38 0.33 0.38 0.52 0.59 0.35 0.52 0.47 
Y/Ni 0.29 0.21 0.36 0.44 0.23 0.35 0.35 0.21 0.74 0.34 1.09 0.83 0.68 
Cr/Th 17.55 29.03 18.73 17.39 60.62 9.25 6.81 7.74 
Ce/Ce* 0.97 0.87 1.02 1.02 1.28 1.01 0.86 1.05 0.96 
K/Cs 17146 16689 13518 14784 126739 7966 7372 8127 309 
Ti/Zr 14.0 12.4 16.6 14.6 16.6 14.7 9.8 24.8 19.0 21.8 22.3 21.9 
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Table 3. Continued 
Fm. 
Locality 
Lit. 
ID 
SD 
3.42 
5 
ss 
970320/4 
Cerro Espuelitas 
5 	 5 	 7 
SS 	 SS 	 SS 
041117/2 041117/3A 980313/2 
7 
SS 
041117/4 means SD 
6 
qa 
041108/7 
Cerros San Francisco 
6 	 6 	 6 
qa 	 qa 	 qa 
041108/6 	 041108/8 	 041108/9 
7 
qa 
041116/8 
7 
qa 
041116/9 
M 0.27 5.00 5.00 5.00 5.00 5.00 2.00 2.00 2.00 1.25 1.75 2.25 
SiO2 0.24 58.98 62.60 69.06 66.99 63.64 64.25 3.92 98.01 97.67 99.05 96.92 94.84 95.62 
A1203 0.39 17.53 17.09 13.49 14.64 14.99 15.55 1.71 0.14 0.12 0.46 0.42 1.58 1.09 
Fe 203t 2.95 6.85 3.51 3.18 3.77 3.65 4.19 1.50 0.31 0.79 0.11 0.61 0.17 0.68 
MgO 0.46 2.28 2.38 2.00 1.88 2.48 2.20 0.26 0.05 0.07 0.04 0.05 0.07 0.07 
CaO 0.34 0.42 0.09 0.04 0.01 0.21 0.15 0.17 0.03 0.02 0.03 0.03 0.03 0.01 
Na2O 0.07 2.76 2.23 2.29 2.74 0.77 2.16 0.81 2.16 2.37 2.17 0.77 2.19 2.33 
K2O 0.014 4.24 9.18 7.31 7.71 8.73 7.43 1.94 0.21 0.07 0.33 0.13 1.34 0.63 
TiO2 0.063 0.91 0.64 0.55 0.60 0.58 0.66 0.15 0.02 0.05 0.01 . 0.03 0.04 0.07 
P2O5 1.9 0.222 0.089 0.124 0.250 0.135 0.164 0.069 0.011 0.021 0.010 0.020 0.022 0.017 
MnO 1.2 0.057 0.008 0.006 0.025 0.029 0.025 0.021 0.000 0.021 0.003 0.025 0.003 0.019 
LOI 3.8 2.6 2.5 2.9 2.9 2.9 0.5 0.6 0.2 0.0 0.2 0.2 0.1 
sum 128 98.0 100.4 100.5 101.5 98.1 99.7 1.6 101.5 101.4 102.2 99.2 100.5 100.6 
CIA 0.8 65 56 54 54 58 58 5 
Ba I2 1539 896 434 1029 460 871 456 1522 25 31 124 4677 89 
Nb 10 11.6 14.5 12.2 12.9 13.1 12.9 1.1 2.5 2.6 3.2 3.9 7.6 3.8 
Pb 101 5 0 2 2 1 2 2 1 5 1 1 5 2 
Rb 10 180 170 153 183 135 164 20 33 9 11 25 61 22 
Sr 12 16 30 26 39 43 31 11 53 18 15 20 44 18 
1 29 24 20 19 16 22 5 4 3 6 3 1 2 
Zr 1 152 153 198 204 211 183 29 48 25 97 69 126 52 
Co 8 9 10 7 8 13 9 2 2 I 1 1 I I 
Cs 9 5 5 8 6 3 5 2 I 1 1 I 1 1 
Cr 18 n.d. 137 127 n.d. 150 138 11 21 11 14 10 20 15 
V 0.3 45 66 45 55 50 52 9 6 3 6 5 15 8 
Ni 0.6 45 50 31 35 63 45 13 8 11 10 9 11 9 
Ta 1.3 1.1 0.8 1.1 1.0 0.8 1.0 0.2 0.3 0.3 0.4 0.4 0.5 0.3 
Hf 1.0 5.0 5.0 6.0 6.0 7.0 5.8 0.8 1.0 3.0 1.0 2.0 2.0 2.0 
Sc 0.2 12.6 15.0 10.2 10.9 11.1 12.0 1.9 0.2 0.4 0.1 0.2 0.2 0.4 
Th 7.3 12.0 12.0 10.0 12.0 10.0 11.2 1.1 1.1 0.8 0.8 1.3 1.9 1.4 
U 5.3 1.5 1.6 1.6 1.8 1.9 1.7 0.2 0.3 0.2 0.2 0.4 0.4 0.3 
La 7.0 47.0 42.0 30.0 35.0 29.0 36.6 7.8 28.0 39.0 27.0 22.0 101.0 10.0 
Ce 1.3 90.0 67.0 53.0 67.0 58.0 67.0 14.2 36.0 54.0 35.0 27.0 180.0 15.0 
Nd 0.3 37.0 32.0 27.0 30.0 25.0 30.2 4.7 13.0 24.0 14.0 12.0 76.0 9.0 
Sm 0.4 6.8 5.7 4.2 4.9 4.4 5.2 1.1 1.8 2.6 1.6 1.3 12.8 1.1 
Eu 0.4 1.0 1.0 1.0 0.8 0.9 0.9 0.1 0.2 0.5 0.2 0.2 2.1 0.3 
Tb 0.0 0.9 0.9 0.9 0.9 0.6 0.8 0.1 0.1 0.2 0.1 0.2 0.6 0.2 
Yb 0.36 2.7 2.2 2.3 2.2 2.2 2.3 0.2 0.4 0.6 0.3 0.4 0.4 0.6 
Lu 0.04 0.5 0.4 0.4 0.4 0.4 0.4 0.0 0.1 0.1 0.0 0.1 0.1 0.1 
Th/U 0.61 8.00 7.50 6.25 6.67 5.26 6.74 1.07 3.67 4.00 4.00 3.25 4.75 4.67 
Eu/Eu* 1.23 0.46 0.53 0.66 0.48 0.64 0.56 0.09 0.40 0.66 0.44 0.47 0.60 0.80 
LaN/YbN 0.13 11.76 12.90 8.81 10.75 8.91 10.63 1.78 47.30 43.92 60.82 37.17 170.63 11.26 
Zr/Sc 0.43 12.05 10.17 19.41 18.68 19.04 15.87 4.40 237 61.75 967 345 628 128 
Th/Sc 0.78 0.95 0.80 0.98 1.10 0.90 0.95 0.11 5.50 2.00 8.00 6.50 9.50 3.50 
La/Sc 1.23 3.73 2.80 2.94 3.21 2.61 3.06 0.43 140 97.5 270 110 505 25.00 
CrN 0.10 2.06 2.83 2.98 1.58 1.48 3.51 3.18 2.27 2.06 1.34 1.95 
Cr/Ni 2.74 4.17 2.39 3.09 1.82 2.55 0.96 1.47 1.08 1.82 1.63 
Nb/Y 0.39 0.61 0.62 0.68 0.81 0.60 0.15 0.60 0.87 0.55 1.15 10.86 1.73 
Y/Ni 0.58 0.66 0.47 0.65 0.54 0.26 0.48 0.41 0.50 0.27 0.60 0.38 0.06 0.24 
Cr/Th 7.98 11.43 12.72 0 14.95 12.32 10.20 19.45 13.50 17.63 7.46 10.37 10.71 
Ce/Ce* 2.38 0.99 0.83 0.87 0.96 1.00 0.93 0.07 0.79 0.78 0.77 0.72 0.94 0.74 
K/Cs 5834 5276 3915 5047 11599 2307 3025 6574 872 5064 1403 5611 6359 
Ti/Zr 36.1 25.3 16.7 17.7 16.3 21.5 8.48 2.5 12.9 0.9 2.3 2.1 8.3 
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Table 3. Continued 
Fm. 
Locality 	 7 	 7 
Lit. 	 qa 	 qa 
ID 	 041116/10 	 041116/11 
Cerros San Francisco 
7 	 7 	 7 
qa 	 qa 	 sf 
980313/4 	 980313/3 	 041117/5 Means SD 
M 2.00 3.25 3.50 3.00 1.75 
Si02 96.80 96.74 95.59 94.65 84.18 95.46 3.98 
A1203 0.89 1.06 1.29 1.68 5.86 1.33 1.60 
Fe203t 0.77 0.11 1.08 1.04 0.83 0.59 0.36 
MgO 0.07 0.07 0.08 0.15 0.78 0.14 0.22 
CaO 0.01 0.02 0.00 0.00 0.66 0.07 0.19 
Na20 2.30 2.23 2.37 3.03 2.49 2.22 0.54 
K2 0 0.46 0.17 0.30 0.49 4.94 0.82 1.41 
TiO2 0.07 0.07 0.07 0.04 0.30 0.07 0.08 
P205 0.014 0.011 0.027 0.030 0.025 0.019 0.007 
MnO 0.020 0.002 0.022 0.021 0.027 0.013 0.012 
LOI 0.4 0.4 0.2 0.4 0.7 
sum 101.8 100.9 101.0 101.5 100.8 
CIA 
Ba 25 88 116 206 24 630 1411 
Nb 2.6 3.6 2.2 0.8 3.1 3.3 1.7 
Pb 0 0 3 4 3 2 2 
Rb 6 20 20 13 5 20 16 
Sr 15 21 42 18 16 26 14 
Y 1 3 2 0 1 2 2 
Zr 27 51 66 53 47 60 29 
Co 1 1 I 2 n.d. 0 1 
Cs 1 1 1 I n.d. 1 0 
Cr 16 21 n.d. n.d. 9 15 5 
V 4 6 17 16 3 8 5 
Ni 11 9 12 16 9 10 2 
Ta 0.2 0.3 0.2 0.1 n.d. 0.3 0.1 
Hf 2.0 2.0 2.0 2.0 n.d. 1.5 1.4 
Sc 0.6 0.7 0.8 0.4 n.d. 0.4 0.2 
Th 1.0 1.2 1.8 1.1 1.4 1.3 0.4 
U 0.2 0.4 0.4 0.3 n.d. 0.3 0.1 
La 12.0 8.4 18.0 2.5 n.d. 26.8 28.3 
Ce 19.0 13.0 26.0 6.0 n.d. 41.1 50.7 
Nd 10.0 9.0 12.0 6.0 n.d. 18.5 20.8 
Sm 1.2 1.2 1.9 0.8 n.d. 2.6 3.6 
Eu 0.3 0.2 0.4 0.2 n.d. 0.5 0.6 
Tb 0.2 0.2 0.2 0.4 n.d. 0.2 0.2 
Yb 0.5 0.6 0.5 0.4 n.d. 0.5 0.1 
Lu 0.1 0.1 0.1 0.1 n.d. 0.1 0.0 
Th/U 5.00 3.00 4.50 3.67 4.05 0.67 
Eu/Eu* 0.80 0.50 0.69 0.50 0.59 0.15 
LaN/YbN 1622 9.46 24.33 4.22 42.53 48.72 
Zr/Sc 44.83 72.3 82.0 133 270 303 
Th/Sc 1.67 1.71 2.25 2.75 4.34 2.85 
La/Sc 20.00 12.0 22.5 6.2 121 158 
CrN 3.90 3.37 3.07 2.24 1.35 
Cr/Ni 1.49 2.38 1.06 0.82 
Nb/V 3.25 1.24 1.29 2.00 2.38 1.44 3.81 
Y/Ni 0.08 0.33 0.14 0.02 0.15 0.22 0.81 
Cr/Th 15.60 17.67 6.57 12.11 13.28 
Ce/Ce* 0.80 0.72 0.79 0.86 0.83 0.07 
K/Cs 946 8998 8666 6906 3001 3054 
Ti/Zr 15.4 8.2 6.5 4.7 38.4 7.1 10.70 
Grain size (M) in cto units, CIA: chemical index of alteration (Nesbitt and Young, 1982). Eu/Eu * was calculated using 
the formula Elf= 2/3Sm N + I/3TbN and Ce/Ce* as Ce *= 2/3LaN + 1/3NdN). XN: normalized to chondrite values after 
Taylor and McLennan (1985). SD: standard deviation. Lithology (Lit.), qa: quartzarenite, sf: sub-feldspathic arenite, 
f: feldspathic arenite, If: lithic-feldsarenite, mc: matrix conglomerate, ss: siltstone, ssa: siltstone-sandstone. Average 
UCC (upper continental crust) after McLennan et al. (2006). n.d.: no data. 
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